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phosphate. Thus, there is a need for control of phosphate 
input into marine waters. See Sewage and Nutrients, p. 
275, for a discussion of the effects of phosphate as a nutrient. 

Phosphorus in the elemental form is particularly toxic 
and subject to bioaccumulation in much the same way as 
mercury (Ackman et al. 1 970.1°4 Fletcher 197 116?). Isom 
(1 960) lS8  reported an LC50 of 0.105 mgil at 48 hours and 
0.025 mg/l at 163 hours for bluegill sunfish (Ltpomts macro- 
chzrlis) exposed to yellow phosphorus in distilled water at 
26 C and pH 7. 

Phosphorus poisoning of fish occurred on the coast of 
Newfoundland in 1969 and demonstrated what can happen 
when the form of an element entering the sea is unknown 
or at  least not properly recognized (Idler 1969,1a6 Jangaard 
1970,181 Mann and Sprague 19702'). The elemental phos- 
phorus was released in colloidal form and remained in 
suspension (Addison and Aclimail 1970) .Io5 After the release 
of phosphorus was initiated, red herrings began to appear, 
The red discoloration was caused by haemolysis, typical of 
phosphorus poisoning in herring (Clupea, harengus) , and ele: 
mental phosphorus was found in herring, among other 
fishes, collected 15 miles away (Idler 1969,186 Jangaard 
1 970181). 

Fish will concentrate phosphorus from water containing 
as little as one pg/l (Idler 1969).186 In one set of experiments, 
a cod swimming in water containing one pg/l elemental 
phosphorus for 18 hours was sacrificed and the tissues 
analyzed. The white muscle contained about 50 pg/kg, the 
brown, fat tissue about 150 pg/kg, and the liver 25,000 pg/'l 
(Idler 1 969,1a6 Jangaard 1 9701@'). The experimental findings 
showed that phosphorus is quite stable in the fish tissues. 
Fish with concentrated phosphorus in their tissues could 
swim for considerable distances before succumbing. In ad- 
dition to the red surface discoloration in herring, other 
diagnostic features of phosphorus poisoning included green 
discoloration of the liver and a breakdown of the epithelial 
lining of the lamellae of the gill (Idler 1969).lS5 

A school of herring came into the harbor one and one- 
half months after the phosphorus plant had been closed 
down. These herring spawned on the wharf and rocks near 
the effluent pipe, and many of them turned red and died. 
A few days later, "red" herring were caught at the mouth 
of the harbor on their way out. The herring picked up 
phosphorus from the bottom sediments which contained 
high concentrations near the effluent pipeline (Ackman 
et al. 1970).lod Subsequently, this area was dredged by 
suction pipeline, and the mud was pumped to settling and 
treatment ponds. No further instances of red herring were 
reported after the dredging operation, and the water was 
comparatively free of elemental phosphorus (Addison et al. 
1971).lo8 

Reports of red cod caught in the'placentia Bay area 
were investigated, and it was found that no phosphorus was 
present in the cod tissues. Surveys of various fishingSareas 
in Newfoundland established that red cod are no more 

prevalent in Placentia Bay than in other areas. In labora- 
tory studies, cod exposed to elemental phosphorus have not 
shown the red discoloration observed in herring an.' 
salinonids. However, cod do concentrate phosphorus in : 
nluscle tissue as well as in the liver and can eventually 
auccumb to phosphorus poisoning (Dyer et al. 1970).lS4 

It  was demonstrated by field investigations and labora- 
tory experiments (Ackman et al. 1970,lo4 Fletcher et al. 
1970,1Ua Li et al. ' 1  Y70,?lG Zitko et al. 1970,30D Fletcher 
1971'1Gc) that elemental phosphorus accounted for the fish. 
mortalities in Placentia Bay. This is not to say that other 
pollutants, such as fluorides, cyanides, and ammonia, were 
not present (Idler 1 969).lS5 

The conclusion was reached by the scientists working on 
the problem that elemental phosphorus in concentrations 
so low that they would be barely within the limits of de- 
tection are capable of being concentrated by fish. Further 
work is needed on the effects of very low concentrations 
of phosphorus on 'fish over extended periods. Discharge of 
elemental phosphorus into the sea is not recommended. 

Recommendation 

It is recommended that an application factor of 
0.01 be applied to marine 96-hour LC50 data for 
the appropriate organisms - most sensitive to ele- 
mental phosphorus. On the basis of data available 
at this time it is suggested that concentrations of 
elemental phosphorus equal to or exceeding 1 pg/1 
constitute a hazard to the marine environment 

Selenium , 

. Selenium has been regarded as one of the dangerous 
chemicals reaching the aquatic environment. Selenium 
occurs naturally in certain pasture areas. Toxicity of se- 
lenium is sometimes counteracted by the addition of arsenic 
which acts as an antagonist. Selenium occurs in nature 
chiefly in coml~ination with heavy metals. It esists in 
several forms iricluding amorphous, colloidal, crystalline, 
and grey. Each physical state has different characteris- 
tics, solul~le in one form, hut insoluble in another. The 
crystalline and grey forms conduct electricity, and the 
conductivity is increased by light. This property makes 
the element suitable for photoelectric cells and other .pho- 
tometry uses. Selenium is also used in the manufacture 
of'ruby glass, in wireless telegraphy and phot~graphy, in 
vulcanizing rubber, in insecticidal preparations, and in 
flameproofing electric cables. The amorphous form is used 
as a catalyst in determination of nitrogen and for dehydroge- 
nation of organic compounds. 

Ellis (1937)l59howed that goldfish (Caross~irs onrotus) 
could survive for 98 to 144 hours in soft water of pH ranging 
from 6.4 to 7.3 at 10 mg/l sodium selenite. Other data 
(ORSANCO 1950)243 showed that 2.0 mg/l of selenium 
administered as sodium selenite'was toxic in 8 days, affec 
appetite and equilibrium, and lethal in 18 to 46 ti 



molybdenum for the manufacture of special tool steels. I t  
is available in a number of oxide forms as well as the 
d: '~ide. Molybdic acid is used in a number of chemical 
ap, ,ations and in make-up of glazes for ceramics. 

Molybdenum has not been considered as a serious pol- 
lutant, but it is a biologic all^ active metal. I t  mav be an 
important element insofar as nrotection of the ecosystem is 
concerned I,ecause of its role i ~ ?  ~ l q a l  physiology. Cwtain 
species of algae car, concenrrnrc nlolybdenum 1)). a factor 
up to 15 (Lackey i959).?1° Bio;!ssay tests in fresh lvatcr on 
the fathead minnow gave a 96-hour LC50 for mo1yl)dic 
anhydride (Mo031 of 70 mg;l in soft water and 370 mg/I 
in harcl water. Although molybdenum is essential for the 
growth of the alga Scenedesmus, the threshold concentration 
for a deleterious effect is 54 :ng/l. Molybdenunl concen- 
tration factors for marine species have been reported as: 
8 in benthic algae; 26 in zooplankton; 60 in soft parts of 
molluscs; 10 in crustacean muscles; and 10 in fish muscle 
(Lowman et al. 197 1) 

Recommendation 

The panel recommends that the concentration 
of molybdenum in sea water not exceed 0.05 of the 
96-hour. LC50 at any time for the most sensitive 
species in sea water, and that the 24-hour average 
not exceed 0.02 of the 96-hour LC50. . 

Nickel 

;el does not occur naturally in elemental form. I t  is 
present as a constituent in many ores, minerals and soils, 
particularly in serpentine-rock-derived soils. 

Nickel is comparatively inert and is used in corrosion- 
resistant materials, long-lived batteries, electrical contacts, 
spark plugs, and electrodes. Nickel is used as a catalyst in 
hydrogenation of oils and other organic substances. Its 
salts are used for dyes in ceramic, fabric, and ink manu- 
facturing. Nickel may enter waters from mine wastes, 
electroplating plants, and from atmospheric emissions. 

Nickel ions are toxic, particularly to plant life, and may 
:xhibit synergism when present with other metallic ions. 
Nickel salts in comt)ination with a cyanide salt form 
moderately tosic cyanide complexes which, as nickel sulfate 
combined with sodium cyanide, gave a 48-hour LC50 of 
2.5 mg/l and a 96-hour LC50 of 0.95 mg/l as CN-, using 
fathead minnows (Pimephales promelas) at 20 C (Doudoroff 
1956).145 Alkaline conditions reduced tosicity of a nickel 
cyanide complex considerably, with concentrations below 
100 mg/l showing no apparent tosic effect on fish. 

Nickel salts can sul~stantially inhibit the biochemical 
oxidation of sewage (Malaney et al. 1959)."3 In fresh 
waters, nickel has been reported to be less toxic to fish 
~ n d  river crabs than zinc, copper, and iron (Podubsky 
and Ctedronsky 1948).?4S However, other investigators found 
n' to be more toxic to fish than iron and manganese 
( ~ b ~ i o r o f f  and Katz 1 953).160 
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Ellis (1 937)ls8 reported that nickelous chloride from 
electroplating wastes did not kill goldfish (Carassius auratus) 
at 10 mg/l during a 200-hour pposure in very soft water. 
Wood (1964)304 reported that 12 mg/l of nickel ion kill 
fish in 1 day and 0.8 mg/l kill fish in 1O.days. Doudoroff 
and Katz (1953)lS0 reported survival of stickieback (Gcstero- 
steus aczrleatus) for 1 week -in 1 mg/'! of nickel as Ni(N03)2. 

The lethal limit of nickel to stickict,ncks has t,ecn re- 
ported as 0.8 mg/l (Murdock 1959)?;* anti ! .O mgjl (Jones 
1939) .I0S The median lethal concen t:-;I tion o i  nickel chloride 
(KiCl?, 6HzO) was reported as 4.8 np, 1 ior guppies (Beciiia 
reliculata) (Shaw and Lowrance 1956).2G2'Goldfish (Carassius 
aziratus) were killed by nickel. chloride at 4.5 mg/l as nickel 
in 200 hours (Rudolfs et al. 1953).258 Tarzwell and Hender- 
son (1960)278 reported 96-hour LC50's for fathead minnows 
(Pimepirales primelas) as 4.0 mg/l in soft water and 24 mg/1 
in hard water, expressed as NiCI? ,6H?O. Anderson (1 948)"? 
reported a threshold concentration of nickel chloride for 
immobilization of Daphnia i n ' l ake  Erie water at 25 C to 
be less than 0.7 mgjl in 64 hours of exposure. Bringmann, 
and Kuhn (1959a,18' 1959b13=) reported nickel chloride 
threshold concentrations as nickel of 1.5 mg/l for Scenedesmus, 
0.1 mg/l for Escherichia coli, and 0.05 ng/ l  for Microregma. 

Nickel is present in sea water at 5 to 7 pgjl, in marine 
plants at up to 3 mg/l, and in marine animals at about 
0.4 mg/l. . . 

Marine toxicity data f& nickel are limited. The top 
minnow Ftlndulus was found to survive in concentrations of 
100 mg/l Nickel from the chloride in salt water, although 
the same species was killed by 8.1 mg/l of the salt (3.7 
mg/l Ni) in tap water .(Thomas cited by Doudoroff and 
Katz 1953).lm Long-term studies on oysters (Haydu un- 
Published d o ~ ~ ) ~ ~ ~  showed substantial mortality at a nickel 
concentration of 0.12 mg/l. Calabrese et al. (unpublished 

found 1.54 mg/l of nickel to be the LC50 for eggs 
of the oyster (Crassostrea uirginica). 

Recommendation 

It is recommended that an application factor of 
0.02 be applied to 96-hour LC50 data on the most 
sensitive marine species to be protected. Although 
limited data are available on the marine environ- 
ment, it is suggested that concentrations of nickel . 

in excess of 0.1 mg/l would pose a hazard to marine 
organisms, and 0.002 mg/l should pose minimal 
risk. 

Phosphorus 

Phosphorus as phosphate is one of the major nutrients 
required for algal nutrition. I n  this form it is not normally 
toxic to aquatic organisms or to man. Phosphate in large 
quantities in natural waters, particularly in fresh waters, 
can lead to nuisance algal growths and to eutrophication. 
This is particularly true if there is a sufficient amount of 
nitrate or other nitrogen compounds to supplement the 
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 bin.:.^, work is required t o  test for effects of selenium $om- 
sourlds under- different conditions. Daphnia exhibhed a 

'.71d effect a t  2.5 mg,/l of selenium in a 48-hour ex- 
~ c .  ~t 23 C (Bringmann and Kuhn 1959a).131 Barnhart 
,i95k!)lls reported that ,mortalities of fish stocked in a 
-lolorado. reservoir were caused by selenium leached from 
.r~ic(~con~ deposits, passecl through the food chain, and ac- 
:u~nulated to lethal concentrations by the fish in their liver. 

~ecommendation 

Ir, view of the possibility that selenium may be 
lasued through the food chain and accumulated in 
ish, it is recommended that an application factor 
)f 0.01 be applied to marine 96-hour LC50 data for 
:he appropriate organisms most sensitive to se- 
enium. On the basis of data available at this time, 
c is suggested that concentrations of selenium 
?qua1 to or exceeding 0.01 mg/1 constitute a hazard 
n the marine environment, and levels less than 
1.005 mgjl present minimal risk of deleterious 
z f f  ects. 

'ilver 

Silver is one of the more commerciallyimportant metals; 
4,938 tons were consumed in the U.S. during 1968, exclud- 
:n2 that used for monetary purposes ( U S .  Department of 
:he ~nt i r io r ,  Bureau of Mines 1969).2s9 I t  is the best +own 
:onA.*ctor of heat and electricity. Although not oxidized by 
lil ,er is readily affected by hydrogen sulfide to' form 
the I J I ~ C ~  silver sulfide. 

Silver has many uses. In  addition to making currency, it 
is used for photographic purposes, for various chkrnical 
purposes, and also in .jewelry making and in silverplating 
?f cutlery. 

Silver is toxic to  aquatic animals. Coiicentfations of 400 
ug/l killed 90 per cent:of test barnacles (Balanus bala'noides) ' 

in 48 hours (Clarke 1947) . I d 0  Concentrations of silver nitrate 
from 10 to 100 pg/l caused abnormal or inhibited develop- 
rnent,of eggs of Paracentrolus ,and concentrations' of 2 pg/l of 
dve r  nitrate delayed development and caused deformation 
3f the resulting plutei (Soyer .1963).?BR Adverse effects oc- 
curred at concentrations below 0.25 pg/l of silver nitrate, 
and several days were required to eliminate adverse effects 
I,y placing organisms in clean 'water (Soyer 1963) .?86 Silver 
niti-ate.effects on development of drbacia have been reported 
? t  approxiinately 0.5 pg/1 (Soyer 1963,"-8QVilber 19692gg). 
In cornbination with silver, copper acts additively on the 
clevelopment of Paracentrolus eggs (Soyer 1 9 6 3 ) . ? ~ ~ ,  O n  a 

.comparative basis on studies on Echinoderm eggs, (Soyer. 
1963),"6 silver has been found to be about 80 times as 
toxic as zinc, 20 times as toxic as copper, and 10 times as 
,osic as mercury. 

Calabrese et al. (un$ublisl>ed rnanusc~$t)~'~ noted .an LC50: 
of . . - - .- - 5 mg/l silver*fo;.eggs of the ~ m e r i c a n  oyster (Cras- 
SO?', .- virginica): Jones : (1948)2" reported that the lethal 

concentration limit of silver, applied as silver nitrate, for 
sticklebacks (Gasterosteus aculeatus) at 15 to 18 C was 0.003 
mg/l, which was confirmed approximately by Anderson 
(1948),11? who found 0.0048 mg/l to be the toxic threshold 
for sticklebacks. Jackim et al. (1970)lg0 reported adverse 
effects on the liver enzymes of the killifish Fundulus heteroclitus 
at 0.04 mg. 1 of silver. 

The sul~lc.thni responses to silver compounds may be 
great, in viek o i  tr,r effects on developing eggs; and further 
research should I?r: collducred on effects of sublethal conc'en- 
trations of silver compounds by themselves and in combi- 
nation with other chemicals. The disruption of normal 
embryology or of nutrition could be of much greater im- 
portance than direct mortality in the perpetuation of the 
species. 

Concentrations of silver cannot exceed that permitted 
by the low solubility product of silver chloride. However, 
silver complexes may be present, and their .effects are.un- . " 

known. 

Recommendation 

It is recommended that the concentrations of 
silver in marine waters not exceed 0.05 of the 96- 
hour LC50 for the appropriate species most sensi- 
tive to silver. On the basis of data available at this 
time, it is suggested that concentrations of silver 
equal to or exceeding 5 pg/l constitute a hazard to 
the marine environment, and levels less than I 

present minimal risk of deleterious effects. 

Sulfides 

Sulfides in the form of hydrogen sulfide have the odor of 
rotten eggs and are quite toxic. Hydrogen sulfide is soluble 
in water to the kxtent of 4000 mg/l at 20 C and 1 atmos- 
phere. Sulfides are produced as a by-product in 'tanneries, 
chemical plants, and petroleum refineries, and are used in 
pulp mills, chemical precipitation, and in chemical pro- 
duction. Hydrogen sulfide is produced in natural decompo- 
sltion processes and in anaer~bic  digestion of sewage and ' 

industrial wastes. Sulfate in sea water is reduced to sulfide 
in the absence of osygen. In the presence of certain sulfur- 
utilizing bacteria, sulfides can he oxidized to colloidal 
sulfur. At the normal p H  and oxidation-reduction potential 
of aerated sea water, sulfides quickly oxidize to sulfates. 

Hydrogen sulfide dissociates into its constituent ions in 
two equilibrium stages, which are dependent on pH. 
(McKee and Wolf 1963) .??O 

The toxicity of sulfides to fish increases as the pH  is 
lowered because of the HS- or H2S molecule (Southgate 
1948).?" Inorganic sulfides are fatal to sensitive species such . 
as trout at concentrations of 0.05 to 1.0 mg/l, even in 
neutral and somewhat alkaline . solutions (Doudoroff 
1957).lPg Hydrogen sulfide generated from bottom deposits 
was reported to be lethal to oysters (de Oliveira 1924).ld5 

Bioassays with species of Pacific salmon (Oncorhpchus 
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tshawytscha, 0. kisutch) and sea-run trout (Salmo clarkii clarkii) 
showed toxicity of hydrogen sulfide at 1.0 mg/l and survival. 
without injury at  0.3 mg/l (Van Horn et al. 1949,291 Dimick 
1952,14' Haydu et al. 1 952,17s Murdock 1953,234 Van Horn 
1 959290). Holland et al. (1960)182 reported 'that 1 mg/l of.  
sulfide caused loss of equilibrium in 2 hours, first kills in 
3 hours, and 100 per cent mortality in 72 hours with 
Pacific salmon. 

Hydrogen sulfide in bottom sediments can affect the 
maintenance of benthic invertebrate populations (Thiede 
et al. 1969)."O The eggs and juvenile stages of most aquatic 
organisms appear to be more sensitive to sulfides than do 
the adults. Adelman and Smith (1970)lo7 noted that hy- 
drogen sulfide concentrations of 0:063 and 0.020 mg/l 
killed northern .pike (Esox lucius) eggs and fry, respectively; 
and at 0.018 and 0.006 mg/l, respectively, reduced survival, 
increased anatomical malformations, or decreased length 
were reported. 

Recommendation 

It is recommended that an application factor of 
0.1 be applied to marine 96-hour LC50 for the 
appropriate organisms most sensitive to sulfide. 
On the basis of data available at this time, it is 
suggested that concentrations of sulfide equal to 
or exceeding 0.01 mg/l constitute a hazard in the 
marine environment, and levels less than 0.005 
mg/l present minimal risk of deleterious effects, 
with the pH maintained within a range of 6.5 to 8.5. 

Thallium 

Thallium salts are used as poison for rats and other 
rodents and are cumulative poisons. They are also used for 
dyes, pigments in fireworks, optical glass, and as a de- 
pilatory. 

Thallium forms alloys with other metals and readily 
amalgamates with mercury. I t  is used in a wide variety of 
compounds. Nehring (1963)238 reported that thallium ions 
were toxic to fishes and aquatic invertebrates. The response 
of fishes to thallium poisoning is similar to that of man, an 
elevation in blood pressure. In both the fish and inverte- 
brates, thallium appears to act as a neuro-poison (Wilber 
1969) .29g 

Adverse effects of thallium nitrate have been reported for 
rainbow trout (Salmo gatrdneri) at levels of 10 to 15 mg/l; 
for perch (Perca j?uuiatilzs) at  levels of 60 mg/l; for roach 
(Rzrtilus rutilts) at levels of 40 to 60 mg/l; for water flea 
(Daphnia sp.) at  levels of 2 to 4 mg/l; and for Gammarus sp. 
at levels of 4 mg/l. The damage was shown within three 
days for the various aquatic organisms tested. Damage also 
resulted if t he  fish were exposed to much lower concen- 
trations for longer periods of time (Wilber 1969),2g9 

Recommendation 

Because of a chronic effect of long-term exposure 
of fish to thallium, tests should be conducted for 

at least 20 days on sensitive species. Techniques 
should measure circulatory disturbances (blood 
pressure) and other sublethal effects in order tp  
determine harmful concentrations. The conce 
tration in sea water should not exceed 0.05 of this 
concentration. On the basis of data available at 
this time, it is suggested that concentrations of 
thallium equal to or exceeding 0.1 mg/l constitute 
a hazard in the marine environnient, and levels 
less than 0.05 mg/l present minimal risk of dele- 
terious effects. 

Uranium 

Uranium is present in wastes from uranium mines and 
nuclear fuel processing plants, and the uranyl ion may 
naturally occur in drainage waters from uranium-bearing 
ore deposits. Small amounts may also arise from its use in 
tracer work, chemical processes, photography, painting and 
glazing porcelain, coloring glass, and in the hard steel of 
high tensile strength used for gun barrels. 

Many of the salts of uranium are soluble iri water, and 
it is present at about 3 pg/l in sea water. A significant 
proportion of the uranium in sea water is in the form of 
stable complexes with anionic constituents. It  has been 
estimated that uranium has a residence time of 3X 106 
years in the oceans (Goldberg et al. 1971),172 a span that 
makes it one of the elements with the slowest turnover time. 
Uranium is stabilized by hydrolysis which tends to protect 
it against chemical and physical interaction and thus 
vents its removal from sea water. The salts are considel,, 
to be 4 times as germicidal as phenol to aquatic organisms. 

Natural uranium (U-238) is concentrated from water by 
the algae Ochromonas by a factor of 330 in 48 hours (Morgan 
1961).282 Using River Have1 water, Bringmann and Kuhn 
(1 959a,131 1 959b19 determined the threshold effect of uranyl 
nitrate, expressed as uranium, at 28 mg/l on a protozoan 
(Minoregma), 1.7 to 2.2 mg/l on Eschnichia Cola, 22 mg/l 
on the alga Scenedesmus, and 13 mg/l on Daphnia. Tarzwell 
and Henderson (1956)a77 found the sulfate, nitrate, and 
acetate salts of uranium considerably more toxic to fathead 
minnows (Ptmephales promelas) on 96-hour exposure in soft 
water than in hard water, the 96-hr LC50 for uranyl sulfate 
being 2.8 mg/l in soft water and 135 mg/l in hard water. 

The sparse data for uranium toxicity in sea water suggest 
that urany! salts are less toxic to marine organisms than to 
freshwater organisms. Yeasts in the Black Sea 'were found 
to be more active than the bacteria in taking up uranium 
(Pshenin 1960).251 Studies l ~ y  Koenuma (1956)20%howed 
that the formation of the fertilization membrane of Llrechzs 
eggs was inhibited by 250 mg/l of uranyl nitrate in sen 
water, .and that this concentration led to polyspermy. 

Recommendation . I 
It is recommended that an application factc 

0.01 be applied to marine.96-hour LC50 data - - I 



he appropriate organisms most sensitive to 
~ranium. On the basis of data available at %his 
ir- '+ is suggested that concentrations of uranium 
11 ;o or exceeding 0.5 mg/l constitute a hazard 

the marine environment, and levels less than 
j.1 mg/l present minimal risk of deleterious effects. 

\'snncijum occurs in various minerals, such as chileite 
nd vanadinitc. It is used in the manufacture of vanadium 
,re;. Vanadates were used at one time to a small extent 
21. medicinal purposes. Vanadium has been concentrated 
1s certain marine organis~ns during the formation of oil-, 
caring strata in geological time. Consequently, vanadium 
11tt:rs the atmosphere through the combustion of .fossil 
urls, particularly oil. In  addition, eighteen compounds of 
anadium are used widely in commercial processes (Council 
m Environmental Quality 197 

I t  is recommended that the concentration of 
lanadium in sea water not exceed 0.05 of the 96- 
lour .LC50 for the most sensitive species. 

Most of the available information on zinc toxicity is for 
i-eshwater organisms, and for this reason the reader is 
?fc '. A to the discussion of zinc in Section 111, p. 182. 

Because of the bioaccumulation of zinc through 
:he food web, with high concentrations occurring 
3articularly in the inve.rtebrates, it is recom- 
aended that an application factor of 0.01 be ap- 
3lied to marine 96-hour LC50 data for the ap- 
xopriate organisms most sensitive to zinc. On the 
msis of data available at  this time, it is suggested 
:hat concentrations of zinc equal to or exceeding 
).1 mg/l constitute a hazard in the marine en- 
ironment, and levels less than 0.02 mg/l present 

.ninimal risk of deleterious effects. 
I t  should be noted that there is a synergistic 

?ffect when zinc is present with other heavy metals, 
~ g . ,  Cu and Cd, in which case the application 
'actor may have to be lowered by an order of 
aagnitude (LaRoche 1972).?11 

3IL IN THE MARINE ENVIRONMENT 

Oil is becoming one of the most widespread contaminants 
~f the ocean.. Blumer (1  969) 31g has estimated that between 
I and 10 million metric tons of oil may be entering the 
~ceans  from all sources. Most of this influx takes place in 
:O regions, but oil slicks and tar balls have also been 
)bs, t d  on the high seas (Horn et al. 1970,384 Morris 

1971 343). Collections of tar balls were made by towing a 
neuston net which skims the surface, and the investigators 
found that the tar balls were more abundant than the 
normal sargassum weed in the open Atlantic, and that their 
nets quickly became so coated with tar and oil that they 
were unusable. Thus, oil pollution of the sea has bccome a 
global problern ~f great, even though as yet inadequately 
assessed, significance to the fisheries ol' the world. 

Sources of Oil ~ollution 

Although accidental oil spills are spectacular events and 
attract the most public attention, they constitute only about 
10 per cent of the total amount of oil entering the marine 
environment. The other 90 per cent originates from the 
normal operation of oil-carrying tankers, other ships, off- 
shore production, refinery operations, and the disposal of 
oil-waste materials (Table IV-4). 

Two sources of oil contamination of the sea not listed in 
Table IV-4 are the seepage of oil from underwater oil 
reservoirs through natural causes and the transport of oil 
in the atmosphere from which it precipitates to the surface 
of the sea. Natural seepage is probably small compared to 
the direct input to the ocean (Blumer 1972);320 but the 
atmospheric transport, which includes hydrocarbons that 
have evaporated or been emitted by engines after incomplete 
combustion, may be greater than the direct input. 

Some of these sources of oil pollution can be controlled 
more rigorously than others, but without application of 
adequate controls wherever possible the amount of pe- 
troleum hydrocarbons entering the sea will increase. Our 
technology is based upon an expanding use of petroleum; 
and the production of oil from submarine reservoirs and 
the use of the sea to transport oil will both increase. I t  is 
estimated that the world production of crude oil in 1969 
was nearly 2 billion tons; on this basis total losses to the 
sea are somewhat over 0.1 per cent of world production. 

TABLE IV-4-Estimated Direct Petroleum Hydrocarbon 
Losses to the Marine Environment (Airborne 
Hydrocarbons Deposited on the.Sea Surface are 

Not Included) 
(Millions of tons) 

1969 1975 (ssiimaie)~ 1880 (astinuts) 
Min Max Min  Max 

.......................... 1. Tankers 
..................... Z Olher h i p s . .  

3. Oflshors production. ..... .... .... 
4. Raflneq operations.. ............... 
5. Oil wadas.. ................ ..:. .. 

................. 6. Acddsntal rpllls.. 

TOTAL.. ..................... 
.......... Toial Cruds Oil Prndutlion.. 

Tho mlnimum ertimatas armma lull urn ol known tohnoiow: ths mumums ruuma conhnuaiion 01 prawn 
pn&ur .  

Rarslla at aL 1812'4s. 
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Some losses in the exploitation, transportation, and use of a 
natural resource are inevitable; but if this loss ratio cannot 
be radically i ~ p r o v e d ,  the oil pollution of .the ocean will 
increase as our utilization increases. 

Biological Effects of Petroleum Hydrocarbons 

Description of Oil Pollution Oil is a mixture of 
many compounds, and there are conflicting views con- 
cerning its toxicity to marine organisms. Crude oils may 
contain thousands of compounds, and will differ markedly 
in their composition and in such physical properties as 
specific gravity, viscosity, and boiling-point distribution. 
The hydrocarbons in oil cover a wide range of molecular 
weights from 16 (methane) to over 20,000. Structurally, 
they include aliphatic compounds with straight and 
branched chains, olefins, and the aromatic ring compounds. 
Crude oils differ mainly in the relative concentrations of 
the individual members of these series of compounds. The 
various refinery processes to which oil is subjected are de- 
signed to isolate specific ,parts of the broad spectrum of 
crude oil compounds, hut the refined products themselves 
remain comples mixtures of many types of hydrocarbons. 

In  spite of the many differences amoqg them, crude oils 
and their refined products all contain compounds that are 
toxic to sdecies of marine organisms. When released to the 
marine environment, these compounds react differently. 
Some are soluble in the water; others evaporate from the 
sea surface, form extensive oil slicks, or settle to the bottom 
if sand becomes incorporated in the oil globule. More 
complete understanding of toxicity and the ecological 
effects of oil spills will require studies of the effects of indi- 
vidual components, or at least of classes of components, of 
the complex mixture that made up the original oil. The 
recent development of gas chromatography has made it 
possible to isolate and identify various fractions of oil and 
to follow their entry into the marine system and their 
transfer from organism to organism. 

An oil slick on the sea surface can be visually detected 
by iiidescence or color, the first trace of which is formed 
when 100 gallons of oil spread over 1 square mile (146 
liters/km2) (American Petroleum Institute 1949). 317 The 
average thickness of such a film is 0.145 microns. Under 
ideal laboratory conditions, a film 0.038 microns thick can 
be detected visually (-4merican Petroleum Institute 1 963).318 
For remote sensing purposes, oil films with a thickness of 
100 microns -can be detected using dual polarized radi- 
ometers, 1 micron using radar imagery, and 0.1 microns 
using multispectral imagery in the UV region (Catoe and 
Orthlieb 197 1) .323 A summary of remote sensing capabilities 
is presented in Table IV-5. Because remote sensing is less 
effective than the eye in detecting surface oil, any concen- 
tration of oil detectable by remote means currently available 
will exceed the recommendations given below. 

The death of marine birds from oiling is one of the earliest 
and most obvious effects of oil slicks on the sea surface. 

Thousands of seabirds of all varieties are often involved irr 
a large spill. Even when the birds are cleaned, they fre- 
quently die because the toxic oil is ingested in preenir 
their feathers. Dead oiled birds are often found along t, 
coast when no known major oil spill has occurred, and the 
cause of death remains unknown. 

When an oil spill occurs near shore or an oil slick is 
brought to the intertidal zone and beaches, extensive mor- 
tality of marine organisms occurs. When the Tarnpico 
Maru ran aground off Baja California in 1957, about 
60:000 barrels of spilled diescl f~lel caused widespread death 
among lobsters, abalones, sea urchins, starfish, mussels, 
clams, and hosts of smaller forrns (North 1967).34J A bene- 
ficial side effect of this accident was also noted by North. 
When the sea urchins that grazed on the economically in?- 
portant kelp beds of the ares were killed in massive numbers 
by the oil spill, huge canopies of kelp returned within a few 
months (see p. 237). The oil spills from the wreck of the 
tanker Torrey Canyon and the Santa Barbara oil well 
blowout both involved crude oil, and in both cases oil 
reached the beaches in variable amounts some time after 
release. The oil may thus have been diluted and modified 
by evaporation or sinking before it reached the beach. 
In the Santa Barbara spill many birds died. and entire 
plant and animal comlnunities in the intertidal zone were 
killed by a layer of encrusting oil often 1 or 2 centimeters 
thick (Holmes 1967).333 At locations where the oil film was 
not so olwious, intertidal organisms were not sever?'-- 
damaged (Foster et al. 1970).527 In the case of the To1 
Canyon, the cleleterious effects have been attributed Inore 
to the detergents ancl dispersants used to control the oil 
than to the oil itself (Smith 1968).347 . 

-4 relatively sinall oil spill in West Falmouth, Massa- 
chusetts, occurred-within a few miles of the Woods Hole 
Oceanographic Institution in September 1969. An oil 
barge, the Florida, was driven onto the Buzzards Bay Shore 
where it released between 650 and 700 tons of No. 2 f ~ ~ e l  
oil into the coastal waters. Studies of the biological and 
chemical effects of this spill are continuing, more than two 
years after the event (Blumer 1969,318 Hainpson and 
Sanders 1969,331 Blumer et al. 1970,3E Blumer and Sass 
1972321). Massive destruction of a wide range of fish, shell- 
fish, worms, crabs, other crustaceans, and invertebrates oc- 
curred in the region immediately after the accident. Bottom- 
living fish and lobsters were killed and washed ashore. 
Dredge samples taken in 10 feet of water soon after the 
spill showed that 95 per cent of the animals recovered were 
dead and the others moribund. Much of the evidence oi 
this immediate toxicity disappeared within a few days, 
either because of the breaking up of the soft parts of the 
organism, burial'in the sediments, or dispersal hy water 
currents. Careful chenlical and biological analyses reveal, 
however, that not only hasthe damaged area been slow to 
recover but the extent of the damage has been expanf 
with time. A year and a half after the spill, identifit . 
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TABLE N-5-Sutnmary of Remote Sensor Characteristics For Oil Detection 

Posrlble rsnror cDnflguraUon 
arvl D W o n  maclunlrm Peflormata summary 

TYW ~isnlut ion Wai lhl  Voluma Swath width Comments 

tn r io la l (  l 0 . 4 r t ~ ) .  R e f l ~ m  d l l lwenLI  (Oil/ RaflecUve riflnature UV Vldicon 
Water contrerl) a. Reputable podlive responsefromihin 

rllckr (-. 1 micron). 
Fluorerssnce C Variable rasponre lrom thickar slicks 

dependent upon oll Iype, walar quality 
and Illumination condllionr 

c. Atmos~herlc haze limitationr major. 
d. Signal tlmllaUons pravenl nilhl.tima 

deletiion. 
Fluaarcance rignalurs UV Scanner 
1. ArUfldal ExcltsUon (nanow.hand) Pulod h r q p . .  

a. Spactral character strongly correlated 
to oil thickness. 

b. lntendty strongly correlaled lo  oil typo 
(API) and oil thlcknarr, weakly cone. 
lated to lempmlun .  

c. Decay chanderlr l iu modenlely to 
rtrongh correlated to oil type. uncor. 
ralabd l o  oll l h l c t i n ~ r  

d. A11 charecterlrllcs independent of am. 
bient IllumlnaUon condilionr , 

2. Solar oxcllaUon'(broad-band) 
a. Spoelnl character modentely to 

weakly correlated tooi l  typeandthick- 
n e u  

b. lntendiy nrongly correhted lo oi l  
type, oil lhlcknen and ambient il lumi- 
nation condition& 

L Decay C h a t a d ~ r i ~ t i c l  not detectahla. 
d. Slgnal IlmitaUons prevanl operation 

ercaptundar strong solar IllurninaUon. 

500 linn:lnme 33 I b r  2 CU. It 
(hilh SEEM il. 
luminatio~) 

100-2011 liner~lrame 
ilow :cma Illurninn- 
lion) 

2 mr 00 I b r  3.5 w It 
I mr 150 I b r  4 cu. It 

;bV 1 ,m).. Reflectanre Dinerantial (O.I/ Reflscllve Slgnrlura Aerial Camens 
Watar Cantmi) a. Variable rerpona tram a l l  r l lc lu de- RC-B 2 I t @  10 K 180 Ibs. 

pendenlupon lhlcknerr.oillype, waler 
quallty and l l l u m l ~ t i o n  conditions 

h. Slgnal IlmllPUons pnvent m w n l a u  500.EL 3.3 I t @  10 K 16 I b r  
nighttime detactioh 

c. Falra alarm problem dgn l f lun t  KA-62 " " ' 81.5 l b r  
d. Atmorphaic haze IlmitnUon malor. 
e. Maximum contract between oil and 

watar occur: al(.38to. 4Spm)and(..6 Vidicon SOo~nnas/inme 33 i h r  
to .68~m). 

1. Minimum contnrt  between oil and 
water o c ~ r %  at (.45 ID .SBpm) 

g. Bar1 contrast achieved with overcad 
sky. 

4D0 FOV (727 11 ' Onvolopedaqurpmentanil. 
@ 10 K) able lor UV vidicon and/ 

or scanner. ln lqn las  
wall w l p  CUT display. 

Line scanna: ma) raqutre 
dab huflnr 1111 h i ln  rsm. 
lulion, real time drp lq .  

2.7 nu@ 10 K or I l m  prorestor 
10 I t @  10 K Ellectivs ap ln r t  thin and 

lhicx sllcllr undar sol~r, or 
a r U f l l l  illumination. . 

Active lamr q r tem rend- 
t ld ty  limilationr hinder 
urs in ddaction or map- 
ping mod& Idenllflca- 
tion upabibty very 
load, wlth modenla lo 
!nod thickness deter- 
minauon. , 

11.76 cu. It 7 P  FOV Aerial umeras real lime 
3.5 ml. @ 10 K dirplly not poxribla. I 

.lcu.lL SandUdty Umlbtionr 
prevenl night-time opar- 

ationr 
5.24 cu. It CompansaUon lor etmos- 

pharic ha28 dllficult 

2 CU. It 4O" FOV with UV photognphy g l u t  PO- 
zoom lanr 7270 lentlal for delacting o i l  
It at 10 K Color is good: however. 

sunlight lives lalra 18- 
rponlk Panchromahh 
IR and color pholov 
rsphrand TV give good 
rsrullr only when oll is 
lhlck and ropy. 

Vldlcon uralul lor ml. 
time detaclion and map- 
ping at nr iour wave 
Iengthr, giv~ng option 
lor good dotaction with 
nsgllgible lalse alarms 

1 lor day opention and 
Idr.I~.good detection 
wllh low falrs alarms 
lor ni lht  opentioh 01%. 
play chanclerirllcs op- 
limum lor ruwaillmce. 

ReflecUve Sllnature 
Aeflsclancs Dlllrrrnrtial (O.1/ a. Repolrble podlive rasponso from al l  Uns Scannu ' 2 mr 90 I b r  . 4.0 cu. It ' 2.1 mi@ 10 K 1ln.e scanner 011-slick re. 

Water Contnrt) slickr under all condilionr rponse varilbla hut as- 

Thermal Emission Dlnerential h. Moonlarr night.time detection upa. Fnmln( Scanner 4 mr . 220 Ihr 3.5 cu. it 2S0 FOV senU?lb predictable, but 

bility. may have some lalra 
L Falrs alarm problems nagngiblk alarm problems 

d. Atmmpherlc ham limibtion modents. 
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TABLE N-5-Summary of Remote Sensor Characteristics For Oil Detection-Continued 

hulhls sensor conngunhon 
Ware length Detection mechanism Performanca rumrmry 

TYPE Resolution Weifhl Volume Swab width Comments 

Microwave. . . . . . . . . . . 

Thermal Sitnature . 
a. Variable response dependent .grossly 

upon oil type and dependent rignln- 
sanUy upon thicknasi end solar hut.  
in!. Variability predictable lo s i p  
niAcanl defrae (slicks Z l O r m )  

b. Dayinight delsction independsnt of II- 
lumination conditionr 

L Fall8 elarm problem slithl. 
d. Atmospheric haze limllations moder- 

ate to sllghl. 

Emissive DlRerentiai (Oil/ Emissive Signature Line Stannin! 1.P 
Walar Contrast) a. Emisrivity of petroleum products is lmhger 

Wave Structure Modikation si!nintanUy hlfhar than that01 a calm 
sea surfaca. 

b. Crude oil pollutants have dmrosing 
dislectric coalanb (incrmsing emir- 
sivlly) wilh innaasing API gravity. 

c. Mlcrowave rifnaiure of oil i l lm in- 
vsnely proportional to sensor wave 
length. 

d. The horizontal polarized microw~va 
r i~nature 01 oil is hvice the vartluiiy 
poierized sifmlurs 01 an oil slick on a 
l l r t  water surlack 

a. Detection improves wlth deerearin[ 
ranlor wave lengths and becomes 
poorer as the sen state innsprss. 

I. Atmospheric cioud IlmihUons moder- . 
ate to r i i f h t  

(. Can allactively detecl sncks less t u n  
0.1 mm at viswing. 

h. Dual trnqsancy minowave techniques 
show ~ a a t  promiso In  measuring oil 
sRck thicknalr 

Radar.. . . . . . . . . . . . . . Wave Smtcture Modlilcation Reflaclive Signature Forward Sannim IWXIOO 111 
Scdnaring Cross-suction a. Oil Alm on rurlace 01 wder supparre, (35 GHJ 
DlRersntial capillary which ranr l t r ln a slgnlflwnl 

dinarence in energy hack scatlared 
lrom conlaminated surfsee and Ulat 
scattsred lrom surrounding clmn wa- 
lar (Irom oil rlickr vary llttla a n e w  Synthetic Apem 1 0 0 ~ 1 0 0  n* 
back scattered by Ihree orders 01 map lure (3.3 GHJ 
nitude). 

b. Verlicai polarization capable 01 detect- 
inf and mapping oi l  slick larr than 1 
micron. 

L Atmospheric cioud llmllations i l i f h t  , 

Day/nlfhl detection under 
VFR Conditions. 

Real time dlsplay =pa- 
biUliar good bul 
limited ta "sintls-look" 
display ~ensrrtinn. 

Devaio~ad aquipmant 
available. 

3 cu. f i  1.7 mi@ 10 # . Clouds that are reining 
batween sensor and 
slick a wall 8s very 
high wa d t a r  hampsr 
pertormanre. 

Technology lor aquipmant 
devalopment availablk 

Real tlma display conslds 
01 Iruimi le and/or 
CRT. 

-600 I b r  10 cu. R 311 mi@ 12 K Technoiogy erirls iar 
equipment development 
ol lorward manning and 
synthaUc apanture 
radar. 

-1500 Ibs 17 cu. It 150 mi@ 36 K Ro lUme display polribla 
lor lorward rnnninp 
ndar via lacsimile and/ 
or CRT; synthelic 
rparalurs ndar  re. 
qulrer optical proassing. 

fractions of the source oil were found in organisms that still 
survived on the perimeter of the area. Hyclrocarhons in- 
gested by marine organisms may pass through the wall oi 
the gut and become part of the Iipid pool (Blumer et al. 
1970).322 When dissolved within the fatty tissues of the 
organisms, even relatively unstable hydrocarbons are pre- 
served. They are protected from bacterial attack and can 
be transferred from food organism to predators and possibly 
to man. 

The catastrophic ecological effects of the oil spills of the 
Tarnpico Maru, and the Florida appear to he more severe 
than those reported from other oil spills such as the Torrey 
Canyon and the Santa Barbara blowout. The Tampico 
Maru and the Florida accidents both released refined oils 

(in one case diesel oil and in the other, No. 2 fuel oil) and 
both occurred closer to shore than either the Torrey Canyon 
OF the Santa Barbara accidents which released crude' oil. 
The differences in the character of the oil and the proximity 
to shoremay account for the more dramatic effects of the 
first two accidents, hut it is clear that any release of oil in 
the marine environment carries a threat of.  destruction 
and constitutes a danger to world fisheries. 

Persistence of Oil in the Ocean As mentioned 
above, 'oil can be ingested by marine organisms and in- 
corporated in their lipid pool. Hydrocarbons in the sea are 
also degraded by marine microorganisms. Very little is 
known as yet about the rate of this degradation, but 
known that no single microbial species will degrade , 
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brhole crude oil. Bacteria are higllly specific, and several 
pvcies will prol3ably I.>?-necessary to decompose the numer- 
#us t.7ies of hydrocart)ons in a crude oil. In the proce'ss of 
.c. xition, intermediate products will he formed and 
:Kc.-cnt species of I~actcria and other n~icroorganisms ,may 

11: requirecl to attack these decomposition products (ZoBell 
969). 34s 

, . ,  

T1y.c osyqi.~? rr:q~.iiren'lent of microl~ial oil clecomposition 
; scvere. Tht: ctr~!~l~lcte osidntio~l of one gall011 of cruclc oil 
c.q~.lircs all thc c.IissoI\:ccl osvgcn in ?20,b00 gallons of air- 
.!uratccl sea \v,ircr (ZoBell 1969).34Vt is clear that, osi- 

l:ttion.lnight I,(: slow in an area where previous pollution ' 
1:~s cicplctecl the osygen content. Even when clccoinposition 
.f oil pr6ceccls rapidly, the depletion of the.osygkn content 
~f the water l ~ y  the microorganisn~s clegading the oil may 
lave seco~lclary cleleterious ecological effects. Unfortunately, 
1e rnost readily attacked fraction of crucle oil is the ,least 

osic, i.e., the ilormal paraifins. The more tosic aromatic 
~vdrocarl~ons, especially, the carcinogenic polynuclear aro- 
~latics, are not rapidly clcgraded. 

Tha t  our coastal watcrs are not devoid of marine life, 
dter decades of contalnination .with oil, indicates that the 
-,a is cnpaljle of rccovcry from this pollution. However, 
ncreasinp stress is I~eing placed on the estuarine and coastal 
*nvironinrnt I~ecause of Illore frecluent oil pollution inci- 
lcllts near shore,; and once the recovery capacity ,of an , 
:nvironment is esccedecl,, deterioration may be rapicl ancl 
:arastrophic. I t  is not known how much . ~ i l  pollution the 
. an. accept and recover from, or whether the present 
a .addition approaches the limit of the natural system. 

i t  appears that the.oceans have recovered from the oil 
ipillecl cluring the .six years of the second World War, 
:hough some unesplained recent oil slicks have been at-' 
: r i h~~ ted  to the slow corrosion of ships sunk during .that 
+onflict. I t  has ,\)ten estimated (SCEP)3JK that during the 
#tsar, the ,United Statcs lost 98,vessels with a total oil ca- 
?acity of a l~out  1 million tons, and that another 3 million 
:ons of oil. were lost through the sinking of ships of other 
:oinl~atants during the same period. Thkse losses were 
.arge in the contest of the 1940's, I ~ u t  the total for that 
,~eriod was only ahout twice the annual direct influx to 
the ocean at the present tiine: Although no extensive dele- 
terious z'Fects of these sinkings and oil releases on the 
fisheries catch of the world have been found, it ,must be 
.:mphasized again that when a pollutant is increasing yearly 
in ~nagnltude past -history is not a reliable source of pre- 
~ i c t i on  of future effects. 

The Toxicity of Oil There is a dearth of dependable 
ol~servations on the toxicity of oil to marine organi'sms. I t  
is clifficult to evaluate the toxicity of this comples misture 
of cbnlpounds which is not~miscible with sea water. A variety 
of techniques have been used which are .not intercom- 
parahle. I n  some experiments, oil is floated on the water in 
thr -t container,' and the concentration given is derived 
frc- - -  -le total quantity of oil and the total quantity of 

water. This is clearly not the concentration to which the 
organisrn.has been ekposed. !n; other experiments, extracts 
of oii with hot water or with'vzirious solvents have been 
acldecl to the test jar without identification of the oil fraction 
I~eing tcsred. I11 still other cases, care has been taken to 
procluce n fine enlulsion of oil in sea water more representa- 
tive of the accual concentration to which the test organism 
is exposc:cl. C:nnsidering the disfferences in the meaning ot 
"conc~~:l.l.:!rion" in these tests ancl the v3ri;ltion in sensi- 
tivit!. of :hr icst organislns, it is not surprising that the 
ranges of tosici~y that can I)e found ir, tb: literature vary 

, , 

I)y several orders of magnitude. 
Studies of the I)iological effects of oil have heen reviewed 

I>y Clarlc (. 197 1 ) Mironov (1 97 1) 342 carried out toxicity 
studies hy comparal>le techniques using a variety of marine 
organigrns. In resting eleven species of phytoplankton, he 
found that cell' divisi,on was delaycd or inhil~ited . , by concen- 
trntio~ls of crude oil (unspecified type) ranging from 0.01 
to IOU0 ppm. Hc also showed that some copepods were 
sensitive to a 1 ppm suspension of fresh or weathered crude 
oil and of diesel oil. Freegarde et al. (1970)326 found that 
the larvae of Ballan~rs hallanoides and adult Cnlantls copepods 
maintained in a suspension" of crude oil ingest, without. 
appareilt harm, droplets of oil that later appear in the 
feces. Mironov (1967)"l found 100 per cent mortality of 
developing flounder spawn a t  concentrations of three types 
of oil ranging fi-orn 1 to 100 ppm and an increased ahnor- 
mality of clevelopment at lonier periods of time in concen- 
trations as low as 0.01 ppm. In contrast other experimenters 
have found that concentrations of several'per cent are 
necessary to kill adult fish in a period o f a  few days (Chip- 
Inan and GaltsoF 1 949,3" Griffith 1 970atg). 

The evidence is clearer that a combination of oil and, 
detergents is morl toxic than oil alone.' This was first 
definitely established in studies of the Torrey Canyon 'spill 
(Smith 1968),"' and the toxicity of the various detergents 
used in this operation is discussed by Corner et al. (1 968). 326 

The four detergents tested were all more tosic than Kuwait 
crude oil, and all showed signs of toxicity between 2 and 
10 pprn. The solve'fits used with these detergents were also 

.highly toxic but tended -to lose their toxicity over time 
through evaporation. A bioassay test carried out by the 
Michigan' Department of Natural Resources (1969)33s re- 
vealeh that the least tosic detergent mised with oil could 
he a hundred times as concentrated (1800 ppm) as the 
most toxic (14 ppm) and cause the same toxic effect. 
La Roche et al. (1970)~i' defined bioassay procedures for 
oil and oil dispersant toxicity evaluation using fish, Fundltlus 
heteroclitiis, ancl thesandworin, Nereis uirens (Table IV-6). 

The mortality of seabirds as a result of oil pollufion is 
direct'and immediate, and i n ' a  major oil spill, is measured 
in the thousands. The dic)ing birds 'which spend .most of 
their life at sea are most prone to death from oil pollution, 
but any, bird that feeds from the sea or settles on it is vul- 
nerable. I n  oil-matted plumage air is replaced by water 

i , ,  
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TABLE IV-6-Determinations (Summarized) of Acute 
Toxicities of 10 Chemical Dispersants Alone and in 
Combination with Crude Oil to Sandworm (Nereis 
virens) and ~Mummichog (Fundulus heteroclitus) 

in Laboratory Bioassay Tests 

. SubrUncs 98 hour LCSD (mill) 
, .  Nerels Fundulus 

Cruds oil A, . .  ............................................................ 16.5 
Crude oil E ................................. 6.1 8.1 
011 and d i q s r m b a .  ........................ .OSC.llll . I n - I  
Dirperuntr.. ............................... .001-7.10 .008-2 

Ranger ol VIIIIOS lor 10 diisanb mixed 1 pri dispsrant to 10 parts 01 oil by rolurna 
bRocha a l a L  19mn7. 

causing loss of both insulation and buoyancy, and oil in- 
gested during preening can have toxic effects. 

Hartung and Hunt  (1 966) 3s2 fed oils directly to birds by 
stomach tube and later analyzed the pathological and 
physiological effects through autopsies, The lethal dose for 
three types of oil ranged from 1 ml to 4 ml per kilogram 
(ml/kg) when the birds were kept outdoors under environ- 
mental stress. The experimenters conclubed that a duck 
could typically acquire a coating of 7 grams of oil and 
would be expected to preen approximately 50 per cent of 
the polluting oil from its feathers within the first few days. 
Enough of this could easily be ingested to meet the lethal 
dosage of 1 to 4 ml/kg.'Thus, birds that do not die promptly 
from exposure to cold or by drowning as a result of oil 
pollution may succumb later from the effects of ingestion. 

Corrective Measures 

The only effective measure for control of oil pollution in 
the marine environment is prevention of all spills and 
releases. The time-lag involved in corrective methods means 
that some damage will inevitably occur before the cor- 
rective measures take effect. Furthermore, the soluble parts 
of the oil already in the water will not be removed by any 
of the present methods of post-spill cleanup. 

Control measures have been introduced that appreciably 
reduce excessive oil pollution from normal tanker operations 
'(see Table IV-4). The  load on top (LOT) process concen- 
trates waste oil that is ultimately discharged with the new 
cargo (IMCO 1 965a,335 1 965b338). This procedure recovers 
somewhat more than 98 per cent of oil that would otherwise 
be released to the sea. I t  has been estimated (Revelle et al. 
1972)"'" that 80 per cent of the world fleet uses these control 
measures today, and if they continue to do so faithfully 
these ships will contribute only 3.OX lo4  tons of the total 
tonnage of oil loss. I n  contrast, the 20 per cent of the fleet 
not using these control measures contributes 5 X lo8 tons. 
If these control measures were not in use by a major fraction 
of the tanker fleet, the contamination of the sea from this 
source would be about five times greater than it is today. 

Among the earliest methods for the cleanup of spilled 

oil was to pick up or bury the material that came ashore 
while disregarding the oil that remained at sea. I t  was founcl 
that the use of straw to absorb the oil made this cleant. - 
procedure easier, and in the cleanup of the Arrow oil si 
(Ministry of Transport, Canada 1970),340 peat moss was 
found to be an effective absorbent for Bunker C oil. Recent 
studies promise mechanical means for handling and cleaning 
sand contaminated with oil by use of earth moving equip- 
ment, fluid-bed, and froth flotation techniques (Gumtz and 
hleloy 197 1 ,3m Mikolaj ancl Curran 197 1 ,339 Snrtor and 
Foget 1971).3J8 

The use of detergents to treat oil slicks is essentially 
cosmetic. I t  removes the obvious evidence of oil and for 
that reason appeals to the polluter. However, after treat- 
ment with detergent, the oil is dispersed in the form of fine 
droplets and becomes even more available to the biota of 
the sea than it would 11e if it were left in the form of a 
surface film. Because of the finer degree of dispersion, the 
soluble toxic fractions dissolve more rapidly and reach 
higher concentrations in sea water than would result from 
natural dispersal. The droplets themselves may Ile ingested 
by filter-feecling organisms and thus I~econ?e an integral 
part of the marine food chain. Some of the oil may pass 
through the gut in the feces of these organisms, but Blumer 
et al. (1970)322 have shown that it can pass through the gut 
wall and be incorporated in the organism's lipid pool. It 
can thus be transferred from organism to organism and, 
potentially, into the food that man takes from the ocean 
for his use. 

Sinking of oil has been achieved by scattering talc - 
chalk on the oil causing it to agglutinate into globules of 
greater density than sea water. Such sunken oil tends to kill 
bottom fauna before even the motile I)otto~n dwellers have 
time to move away. The sessile forms of commercial im- 
portance, such as clams, oysters and scallops, cannot escape, 
and other motile organisms such as lobsters (Homarus 
americanus) may actually be attracted in the direction of 
the spill where exposure will contaminate or kill them. 
Little is known about the rate of degradation of-oil in 
bottom sediments, but it is known that some fractions will 

for over two years (Blumer 1969,319 Bluiner and 
Sass 197232L). Chipman and Galtsoff (1949)324 showed that 
the toxicity of oil is not diminished 11y adsorption on 
carbonized sand which can be used as a sinking agent. 

Efforts were made to burn the oil in' 110th the Torrev 
Canyon and the Wafra, which was wrecked off the coast of 
South Africa in 1971. When oxidation is complete, oil is 
converted to carbon dioxide ancl water and removed as a 
pollutant. Burning oil within a tanker, however, is dificult; 
and it has not I~een successful even when oxidants are added. 
Volatile fractions may Lurn off quickly, but most of the oil 
resists combustion. Incomplete cornl~ustion, is therefore not 
only more common, but the smoke and volatile oils them- 
selves become atmospheric pollutants many of which 

' ' 

mately return to the sea through precipitation and accL 
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ition on the water suriace. Oil can be burned on the surface 
f the sea by using wicks or small glass beads to which the 
il clings thus removing itself from the quenching effects of 
hl :r. The use of "seabeads" was successful in burning 
'un,,,~ C oil on the beach and moderately successful in 
eurning a slick in two to three foot seas in the cleanup 
~llowing the wreck of the Arrow (Ministry of Transport, 
:anada 1970). 340 Howe\rer, during burning, the elevated 
tmperature of the oil increases the solubility in water of 
he most toxic components, and this can cause greater 
iological damage than if the oil is left unburned. 

Mechanical containment and removal of oil appear to 
le ideal from the point of view.of avoiding long-term bio- 
ogical damage, but however promptly such measures are 
aken, some of the soluble components of the oil will enter 
he water and it will not he possible to remove them. A 
ariety of mechanisms for containing oil have been pro- 
losed, such as Loorris with skirts extending into the water. 
:arious surface skimmers to collect oil and pump it into a 
tandby tanker have been conceived. Unfortunately, most 
necks occur during less than ideal weather conditions 
brhich makes delivery and deployment of mechanical de- 
:ces difficult. ,Floating booms are ineffective in a rough sea, 
~ecause even if they remain properlyc$eployed, oil can he 
arried over the top of them by wind and splashing waves 
Ir under them by currents. In protected waters, however, 
ecovery can be quite effective, and among the methods of 
1i1 removal used today, booms are one of the most effective 
' r itions for their use are favorable. 

1. .obiological degradation is the ultimate fate of all oil 
eft in the sea, hut as was mentioned previously, the oxygen 
equirement for this is severe. There is also the problem of 
~roviding other nutrients, such as nitrogen and phosphorus, 
or the degrading bacteria. Nevertheless, this process is a 
natural" one, and research into increasing the rate of 

)acteriological degradation without undesirable side effects 
s t o  he encouraged. 

Although an ultimate solution to the cleanup of oil spills 
s desperately needed, prevention of spills remains the most 
tffective measure. When wrecks occur, every effort should 
,e made to offload the oil before it enters the marine en- 
~ironment. Oil spills that occur in harbors during transfer 
3f oil to a refinery or of refined oil to a tanker should be 
more easily controlled. Portable booms could confine any 
3il released and make possible recovery of most harbor 
ipillage. Available technology is adequate to prevent most 
dccidental spills from offshore well drilling or operations. 
It is necessary to require that such technology he faithfully 
employed. 

Recommendations 

No oil or petroleum products should be dis- 
-barged into estuarine or coastal waters that: 

can be ,detected as a visible film, she&, or 
discoloration of the surface, 'or by odor; 

can cause tainting"of :fish or edible inverte- 
brates. or damage to 'the biota; 
can form an oil deposit on the shores or 
bottom of the receiving body of water. 

In this context, discharge of oil is meant to include 
accidental releases that could have been prevented 
by technically feasible controls. 

Accidental releases of oil to the marine environ- 
ment should be reclaimed or treated as expe- 
ditiously as possible using procedures at least 
equivalent to those provided in The National Con- 
tingency Plan of 1970. The following recomrnen- 
dations should be followed to minimize damage 
to the marine biota. 

Oil on the sea surface should be contained 
' by booms and recovered by the use of surface 

skimmers or similar techniques. 
In the event of a tanker wreck, the oil re- 
maining in the hulk should be off -loaded. 
Oil on beaches should be mechanically re- 
moved using straw, peat moss, other highly 
absorbent material, or other appropriate 
techniques that will produce minimal dele- 
terious effects on the biota. 
Failing recovery of oil from the sea surface 
or from a wrecked tanker, efforts should be 
made to burn it in place, provided the con- 
tamination is at a safe distance from shore 
facilities. If successful, this will minimize 
damage to the marine biota. 

e Dispersants should be used only when neces- 
sary and should be of minimal potential 
toxicity to avoid even greater hazard to the 
environment . 
Sinking of oil is not recommended. 

All vessels using U.S. port facilities for the pur- 
pose of transporting oil or petroleum products 
should be required to demonstrate that effective 
procedures or devices, at  least equivalent to the 
"Load on Top" procedure, are used to minimize 
oil releases associated with tank cleaning. . 

In order to protect marine wildlife: 

recommendations listed above should be fol- 
lowed ; 
a monitoring program should follow long- 
term trends in petroleum tar accumulation 
in selected areas 'of the oceans; 

a no oil exploration or drilling should be per- 
mitted within existing or proposed sanctu- 
aries, parks, reserves or other protected areas, 
or in their contiguous waters, in a manner 
which may deleteriously &ect their biota; 
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oil exploration or drilling should 'not be con- 
ducted in a manner which may deleteriousIy 
affect species subject to interstate or inter- 
national agreements, 

TOXIC ORGANICS 

The toxic organics constitute a considerable variety of 
chemical compounds, almost all of which are synthetic. 
The total production of synthetic organic chemicals in the 
U.S. in 1968 was 120,000 million pounds, a 15 per cent 
increase over 1967; 135,000 million pounds were produced 
in 1969, a 12 per cent increase over 1968 (United States 
Tariff Commission 1 970).377 This figure, in the order of 
5 X 10lS grams, may be compared with the total productivity 
of the sea, which is in the order of 2 X 1 Ole grams of carbon 
incorporated into phytoplankton per year (Ryther 1969).378 
When considered in a global and future context, the pro- 
duction of synthetic chemicals by man cannot be considered 
an insignificant fraction of nature's productivity. 

The majority of the synthetic organic chemicals, in- 
cluding those considered toxic, are readily degradable to 
elementary materials which reenter the chemi~al cycles in 
the biosphere. These pose no long-term hazard if applied 
or released into the environment in quantities sufficiently 
small to meet the recommendations for mixing zones (see 
p. 231). 

The chemicals of most concern are the more stable com- 
pounds that enter the environment, whether they are intro- 
duced incidentally as waste materials or deliberately through 
their use. The toxicity, chemical stability, and resistance to 
biological degradation of such chemicals are factors that 
must be considered in assessing their potential effects on 
ecosystems. Moreover, because of the partitioning of non- 
polar compounds among the components of marine eco- 
systems, relatively high concentrations of these, including 
halogenated hydrocarbons, are frequently found in orga- 
nisms.. 

- Only recently it was discovered that polychlorinated bi- 
phenyls (PCB), a class of chlorinated hydrocarbons used in 
a variety of industrial applications, were widespread con- 
taminants in marine ,ecosystems (Duke et al.).36dn Concen- 
trations up to or higher than 1000 ppm in the body fat.of 
estuarine birds have been recorded in both Europe and 
North America (Risebrough et al. 1968,371 Jensen et al. 
196gM0). Moreover, both DDT and PCB have been found 
in organisms from depths of 3200 meters in the open North 
Atlantic Ocean (Harvey et al. 1972).38g 

The discovery of a man-made contaminant such as PCB, 
unknown in the environment a few years ago, in such 
unexpectedly high concentrations in .marine organisms 
raises several questions. Are the concentrations of these 
compounds still increasing in the.marine environment and 
at what rate, and what are the long-term effects upon the 
marine communities? Is it possible that other pollutants, 

undetected by the methodologies that measure the chlori- 
nated hydrocarbons, are present in comparable amounts? 

Criteria employed in the past to protect freshwater ecr' 
systems were based on data now seen to be inadequate a 
on an approach that looked at pollutant concentrations m 
waste water effluents rather than in the receiving system. 
Evidently it is necessary to attempt to relate the amounts of 
input into the ecosystem to the levels in the various com- 
ponents of the ecosystem, including indicator organisms. 
The concentrations of a persistent pollutant in an indicator 
organism arc considered the best way of following accumu- 
lation trends in an aqueous ecosystem that serves as a sink 
for the pollutant, once the capacity of the ecosystem to 
absorb the pollutant has been determined. If the concen- 
trations in the indicator organisms exceed those considered 
safe for the ecosystem, input should then be reduced, re- 
stricted, or eliminated until environmental levels are ac- 
ceptable on the basis of established criteria. Inputs of per- 
sistent polluta*ts into the marine environment, however, 
are in many cases indirect and not immediately controllable, 
e.g. river runoffs, atmospheric fallout, and 'dumping by 
foreign and domestic ships. The sources of the chemicals in 
atmospheric fallout may be located anywhere in the world. 

Different recommendations must therefore be developed 
to protect the marine environment from increasing amounts 
and varieties of organic pollutants that might be anticipated 
over the next century. The same recommendations may be 
applied to estuaries, but these must also be protected from 
a variety of chemicals that are less persistent and pose 
long-term hazard, but that may, because of toxic effe, 
upon organism& cause unacceptable amounts of damage. 
These include many of the pesticides, components of sewage, 
biological wastes from slaughter houses, and other organic 
wastes from industry. 

Acute toxicity values and subacute effects of pesticides 
on marine life are listed in Appendix 111-Table 6, and in 
Table IV-7, p. 265. Table IV-7 is a summary of the 
"most sensitive" organisms taken from Appendix 111-Table 
6 and includes a list of chemicals that are considered to 
have potential environmental importance in estuarine or 
marine ecosystems. The list includes many of the pesticides 
that are readily degradable in the environment but because 
of theirhigh toxicity are potentially dangerous to estuarine 
ecosystems. The list, which should be revised as new data 
become available, proposes a minimum number of such 
chemicals. Appendix 111-Table 6 includes the following in- 
formation relative to the potential importance of each ma- 
terial as coastal and marine contaminants. (a) Production 
figures, which are taken from the 1969 Tariff Commission 
reports, are listed in the second column. The production 
figures provide a useful clue to the compounds that are of 
potential importance as marine pollutants. The order of the 
chemicals generally follows that of the Tariff Commission 
reports and is not intended to be a ranking in order of ' 
portance. (b) The third column of the table indic. 
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camohenel (Mod~n, 1969);~s' thrsasplna slichls.back b~oasuy 
Oysters (Bugg at 
al. 1661po 

OUT rompaundr . . . . . . I.2XlOa lb. Jenrsn at al. 
1969?@0 Rise. 
brouth at PL 
ieen=*l 

p.p'-DDT [I, I, I-Tri- - 0 .  (Rafarsncsr cited abovs) Pamsur duorarum~~ Technical 0.12 11.50 18 day blpaltly N~mmo ataL lQ1DuQ 
chlom-2.2.bir(p.chlm. Plnk shrimp 77% 0.17 (0.094.32) 11.50 86 In lntar~ltsnt Earnart (unpub. 
phanyl) sthana flow lab bloaruy l11h8d)lat 

P.v'-DOO(P.P'~TDD ... 
' 11, l.DlChlOrC-2,2.Y1 

(p.chlorophanyl)sthans 
~.v-ODE [ l , I -Dl~hlo~-  . . . . .. . .. .... . . 

Z.1-bis(p-chlorophanyO 
athylana 

Mlmx lDodcuchlw~& Not anllsbla 
hydro-l.3,4.mabsno4H. 
cyctabuta(edlpantaanal 

Bsnzsna hexachtoride Not availabla 
IHmchlnracvclohanna~ 

Undrns (parnm.hsa- Not aroilabla 
chlorocyciohaunal 

86 hr Intarmittsnl Lrnml  (unpub. 
,flow lab bloarny IirhadPa* 

DOE in a ~ r  Cads at at. 187P11 
highly corralatad 
wllh rhsil thinning 

flow in^ watar bio- Lavs at al. 19711S8 
a n y  

. (Ralerencea Jtad above) Falco paragrinur .............. ..  
Pmgrim Falcon 

. . . . . . . . . . . . . . . . . . . . Eggshell thinning 

Pepsus dumrum Tschniml 
Pink rhrlrnp 

Southern hamlrphare raa birds 
(Talon and Rulicka 1867p'l 

Oysters (Bugg el Expactad 
al. 1967,"o Sand shrimp 
Cawor 1B07)Is 

Panaaur raUtarur 8:1% 
Whlta rhrlmp 

CnnQn raptamrpinou IWO 
Sand shrimp 

Parums Impcarpus 100% 
Harmlt crab 

Pabaman macrodactylur 98% 
Korwn rhrimp 

2.8 TLM 24 hr rhUc lab Chin and Alisn 
h l m ~  18511"' 

86 hr static iab Rrler 1 9 6 F ~ ~  
b i ~ u s y  

88 hr rbUo ub U W  1069168 
bloaruy 

B6 hr Intarmittant b r n a t  (unpub- 
Ibw lab bimmy IirhsdPar 

5 LC-SO 
8 ' 

5 L C I  

Endmullan [Henchimo. Not anllrbta 
hsrahydro-mathmo. 
banzo-diorrlhiopin.3. 
o. '+iodtnR) 

Bay murrel (Kw. Sandwich Tan, 
man and Common Eider 
Qandtran (Koaman and 
1670P8* Ganderan 

1010P" 
Oystorr (Bull  at Unnkaly 

11.1867P'O 
0.44 (0.21-0.81) T 1-50 86 hr statlc l ib Earnest (unpub- 

hmuay IIshadP~ 
M ~ L .  . .,lor l l , l , l - l r l -  Not tnilabta 

chlW0-2.1, bll(p. 
rnatnuzy.phsnyl)stbnaI 

krtmryl (Ssrin) 11- Nut avaibbls 
nrphthyl.N.mc4hyiurba. 
m a 1  

Unikaly - Unlikely 7.0 (1.E-28) TL.50 86 hr intarnlltant b r n a t  (unpub. 
bimany IishadPar 

8 PlaranUon of b l th .  24 hr static Inb ' Bushanan at 81. 
tng and molUnf . bioasuy lS7DuQ 

110 TLM , 48 hr NUc lab Dark and Hldu 
himuay 186Pu 

Caurnaphur (Co-nl) (0,O. Not aroilabls 
Di8thyl-Q.(3~hl0~0-1- 
mathyl-2.oxo-2H-l.bsnzo- 
mran-1-yi)-phosphoro- ' 

rhipltsl 
Diezinon IO.O.Diathyl.0. Not anlbhla 

(2.iaopropyl.4-mathyl.6. 
mrimidinyI)phorphoro. 
thimtal 

Qmthion lU,O-UisByI-0- Not avaihbla 
p-nitrophanyl.phorpholo 
thimte] ' 

Unlikely unnkely 

Unlikely Unllkab InruBdsnt data 

10 . Acatylchaiinestann 72 hr statlc exposure Coppage (unpub- 
actiiity in control 1irhad)"l 
rr ap t  groupr 
Contml-1.3B: 
E:pL-0.120 

0.01 (0.002-0.046) 11.50 . 96 hr intarmittant Earnest (unpub. 
flw bioassay IirhadP" 

J.o(t.E-60.'  TL.60: 96 hr intarmitbnt Earnest funpub. 
flow biwruy IirhedPar 

Oursban [O. 0 DiathyI.0- Not anihbts 
3.5; CMehloro.2.pyrldyl. 
phmphamthioatr] 

Fenthion [O,O.Dimathyl-0- Not nail ibla 
(4.mathylthio-m-tolyl} 
phorphorothioab] (Baytax) 

m t h y l  panthion[O,O.. 5 .1~10~1b  
0imsthyl.O.p.nitropha~I. 
phorphorothlmtsl 

Outhlon 10,O-Dimethyl-S- Not arollrbla 
(4+xo-l.2.1.banzotri. 
nino-3-mal~I)phorphoro. 
dithioatal 

OioxrUlion (Dslmv) [2.3.p. Not availabls 
74, S-his(0,O. 

. rosphorodllhlatal 

Unnkaly Unliksb 

Unlikely Unlikely ' 

Unlikaly Unlikaly 

Unlikely Unlikely 

Palaamon macrodactylus . . . . . . . . . . . . . . 
Korean shrimp 

Cnngon rsptamrpinosa 1% 
Sand shrimp 

2 LC-50 86 hr rbUc lab Eislar 186Pn 
bimrny 

~ a t i o r t s u r  rmimlus 93% 
thrsarpina rtickls-back 

4. II TLM 96 hr static lab Katz 1961282 
kimsuy 

38 LC-50 86 hr static.!db Eirisr 186Ba 
bioaray 

6 LC-50 86 hr IMC lab Eider 1971)ra8' 
b imu~y  

6 LC-50 86 hr +It l ib Briar 1Q70ba1* 
bioasw 

Unlikely Unllkaly Cnnton aptamrpinou 10% 
Sand rhrimp 

Fundulus haterocllNs 10% 
Mummich 

Manldia manidii 100% 
AUanUc d l rwidc 
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TABLE N-7-Presence and Toxicity of Organic Chemimk in the Marine System-Continued 

U.S. produelion Prasanco In sna Trophic MoIt  sanslbva Conr (ppb actire MahPd ol 
Chamlul pounds, gaL/yr watar or mrnna aaumulalron organlsmr l m d  Formulatron In(rad1ant i n  water) rnarsmant Tart prowdura Ralarence 

(1) (2) o rpn~smr  (4) (9 (6) 0) (8) (9) (10) 
(3) 

InserUdder. ton1 
Phosdrin [l.mathorycar. Not avallabls 

honyl.1-propan.2~yl.di. 
mathylphosphatel 

Malathton IS.(I. 2-ditar. Not ava~lable 
bethoryethy 1)-0.O.di. 
malhyldllhiophosphata] 

Phasphamidon 12-Chloro. Not avallabla 
N, N-dlathyl.3-hydro~y- 

c ro to~mida  dlmathyl 
phosphlbl 

Phorab IO.0 Di8thyl.S Not availabla 
(IEthyllhlolmaUlyl).phm- 
phorodltluoalal 

Cnngon sapamrpinou 
Sand shrimp 

LC-50 96 hr static b b  Elslar 1969r8l 
hioasuy 

Unlikely 

Unlikaly Thalaromma bilanlatum 
Blutheed 

LC.50 96 hr *tic lab Elslar 1970b's' 
bloatsay 

Unlikaly lnsulllciant data 

Ataty)rholinastws8 72 hr N U c  alposura Coppala (unpub. 
actidt)c8 in conhol B~hsd)"L 
VssrpL l roupr 

. , Contfol=1.16; :.. I ''. 
ErpL=O.OII0 ' 

LC-M 96 hr staUc lab Elsiar 1969aafi 
biasray 

Unllkaly Unlikaly Cyprlnodon variavtur 
Shaapshnad minnow 

DDVP [0,O.Dlmathyi.O- Not availabla 
(2.2-dlchloronql)phor- 
phatel 

Tr~chlorlon (0.0-DlmelhyI- Not availabla 
l-hydrOXy-l.2,2.trlChlOrO- 
athylphosphnnatal 
( o ~ p t a n l )  

TEPP [Tatraathyl pyro- Not anllabla 
phosphatal 

Ralatad products 
DBCP Il,l-Dlb~OO0-3- 8.6X108 Ih 

chloropropanal  amat at on^) 
Melhyl hromida Z . O X ~ O ~  lb 

TAR AND TAR CRUDES 
Banlane 1.2XlO'pL 
Taluana 7.6X108 pl. 
Xylana 3.8X108 g a l  
Naphthalana 8.5X101 paL 

PLASTICIZERS 
Phthal~c anhydrlda astan. 8.8X100 Ib. 

toh l  
Adlpid add asters, lob1 6.6X101 

SURFACE-ACTIVE AGENTS 
Dodscylbanonnullo~(ar, 5.7X10n 1b. 

total (1968) 
Ugn~nsullonatu, total 4.4XlOI lb. 
Nltrilotrlamhc add Not available 

Unlikaly Unllkaly Cnngon ssptamsplnora 
Sand shrimp 

TLM 48 hr sbl lc lab Dadssnd HYu 
, bioassay 1969" 

Unlikely Unlikaly 

Unlikaly Unllkaly TLM 14 day staUc lab Davls and Hldu 
bioassay 18891u 

TLM 12 day shUc lab Davis m d  Hldu 
bioassay 1969'" 

Unknown Unknown Marcanaria manenaria 
Hard clam 

lnsullldant dab Unknown Unknown 

Unknown 
Unknown 
Unknown 
Unknown 

Unknown 
Unknown 
Unknown 
Unknown 

lnsutllclant data 
lnsuflidant dab 
Insulilclant dab 
lnsullidant dab 

Unknown lnsulilclsnt dab 

Unknown Insunidant data Unknown 

Unlikely Inru(ii1ant data . 

Unknown 
Unknown 

lnrunldant dab  
Cyclotalb nana Monohydralad 5 X l P  

sodium s l t  
Mrmohydntad 1x10s 

sodium salt 

lVo m h  as corn. 72 hr rBUe lab Mcksan et aL lWv 
parad to mnlrols bioassay 

1~ mortality 7 dry BUC lab N M W ~ L  lemy 
biassay 

HALOGENATED HYDROCARBONS 
Carbon tstrachlorida.. ..... 7.6X100 lb  (1966) Unknown Unlikely 

. Dichlorodlfluorometluna.. 1.3X108 (1968) ~Unknowo Unllkaly 
Ethylene dlchlnrida.. ...... 4.8X10s (1968) Expectad Unllkaly 
Allphalic chlorinatad hydro. 3 X l P  Ih (adi- Surlacs waters Unknown 

arbon wartas 01 vinyl mated as 19, of and marina orla- 
chlarida production vinyl chlorida nisms of North 

production) Atlantic and 
North Sea (Jan- 

l n s u l i l c i ~ t  data 
lnsulilciant data 
InsuMuant dab 
Gadus monhua 

Cad 
LC.50 10 hf lab bioassay I m n  at r L  l9 lOI l l  

sen ala1.1970P81 
Pol~chlorinatsd blohsn~l.. . Not avallabls Jmsen at a1 ................ Perusus duorarum Arocior 1254 0.M 51% mortality I5 day chronic arm Nimmo at al. 1911sro 

1969'60, Rise- Pink shrimp 
bmugh st ai. 
1968"" 

E m c u d  Expetad lnsulllciinl dab 

porura In flowing 
m y t a r  

Polychlor i~ted tar- Not available 
phanyl 

hromiiutad biphenyls. ..... Not availabh 
CYCLIC INTERMEDIATES 

Monochlorobaruana. ,. .... 6.OXlO8 lb  
Pbnol.. ................. 1.7X10a lb  

. Unknown Expactad lnrufllclent dab 

fr md Unllkaly lnsalliciant data 
frpeelsd Unlikely Marcenaria marwna!u ... 

Hard Clam 
5.3X18 ........... TLM 48 hr static iab ,Davis and ~ l d o  

Y o a u q  1969" . 
MISCELLANEOUS CHEMICALS 

Tukmthyl lead ............ 4.8xIOI 



whether or not the compound has been detected in sea Recommendations 
water or in marine organisms. Compounds which ..have In general, marine life with the exception of fish- 
been detected are of greater immediate concern than those eating birds and mammals should be protected 
M have not. Frequently, because of their.lotv solubilicy where the maximum concentration of the chemical 
in .,cr, some of the non-polar compounds which are bio- in the water does not exceed one one-hundredth 
logically accumulated can be detected in an orgarlism but (0.01) of the LC50 values listed in Column 7: Table 
not in the water itself. (c) Tbe fo~irth column, trophic ac- 1V-7, pp, 26j-268. If new data indicate that an eco- 
cumulation, ii~dicates \\.hetl~cr t11c compound 1x1s been system can adequately degrade a particular pollu- 
shown to pass througl~ the food ?ceb from prey species to tant, a higher application factor for this pollutant 
p~.cdator. C:ompounds tha t  are .O accumulatecl are of greater may be used. 
cuncrrn than compouilds of comparable tosicity which are In order to maintain the integrity of the eco- 
not. Finally, the species thought to be most sensitive to the system to the fullest possible extent, it is essential 
conlpound are indicated in the final columns with reference to consider effects on all non-target organisms 
to original studies in the scientific literature. These data are when applying pesticides to estuarine habitats in 
uscful as a guide only and are not sufficient in themselves order to control one or more of the noxious species. 
for definitive evaluation of the environmental significance of For those occasions when chemicals must be used, 
each compound. the following guidelines are offered : 

The report, "The Effects of Chemicals on Aquatic Life, 
vol. 3, Environmental Protection Agency, IVater Quality a compound which is the most specific for 
Ofice, 1971," has been useful as a guide to the available the intended purpose should be preferred 
tosicity data of industrial chemicals on marinc organisms. over a compound that has broad ,spectrum 
-4pprnclix 111-Talk 6 is a compt~ncliurn of data on toxicity effects; 
of pesticicles to inarine organisms. These sourccs arc incom- • a compound of low persistence should be 
plctr and should I I ~  continually revised. used in preference to a compound of greater 

persistence ; 
Bases for Recommendations a compound of lower toxicity to non-target 

1. In order to provide an adequate level of protection organisms should be used in preference to 
for commercially important inarine species and for species one of higher toxicity; 
cr '.iercd important in the maintenance of stability of the water samples to be analyzed should include 
e~ [em, an application factor of one one-hundredth all suspended particulate and solid material: 
10.01) is used when pesticides or organic wastes that are not residues associated with these should there- 
trophically accumulated in food webs are applied or re- fore be considered as present in the water; 
leased in estuarine 01 marine environments. This factor is when a derivative such as p,p'-DDE or 
arl~itrary and was derived from data available on marine 1-napthol is measured with or instead of the 
and freshwater organisms. (See Section 111, p. 121.) It parent compound, the toxicity of the de- 
assumes that a concentration of one one-hundredth (0.01) rivative should be conside~ed separately: if 
of that causing harm to the most sensitive species to he the toxicity of a derivative such as an ionic 
protected will not damage this species or the ecosystem. species of a pesticide is considered equivalent 
Futul-e studies may show that the application fictor must to that of tHe original parent compound, 
be decreased or increased in magnitude. concentrations should be expressed as equiv- 

2. The application factor may also be used for the alents of the parent compound. 
compounds that are trophically accumulated in food webs It is recommended that the chemicals listed in 
in order to protect fish and invertebrates to which these Table IV-7 and a11 chemicals subsequently added 
coinpounds are tosic. It cannot I)e used, however, to protect to this list be considered as toxic organic com- 
fish-eating birds and mainmals which nlay trophically ac- pounds potentially harmful to the marine environ- 
cumulate these compounds from their prey species, in part ment. It is emphasized that the data in Table 
l~ecause sublethal effects such as e~gshell  thinning and IV-7 are not in themselves for final evalu- 
horlnoile iinl,alance may adversely affect reproductive ca- ation of the environmental significance of each 
pacity and therefore the long term survival of populations. compound. 
Levcls that would protect fish-eating birds and mammals 
against the effects of compounds that are trophically ac- OXYGEN 
cumulated from prey species are given in the discussion of 
Marine Wildlife (see pp. 224-228). An extensive review and discussion of the present, in- 

T h e  recom~ncndations below apply to all organics of formation an biological responses to variations in dissolved 
b -roved and potential tosicity. oxygen has been published recently by Doudoroff and 
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Shumway (1970).38.5 This review has been used in develop- 
ing oxygen recommendations by both the Freshwater and 
Marine Panels in their reports. On the basis of this large 
body of information, recommendations for "levels of pro- 
tection" for freshwater fish populations have been devel- 
oped. Estuarine and marine organisms have not been 
studied as extensively, and the present information is inade- 
quate for satisfactory analysis of the response of communi- 
ties to temporal and spatial variations in dissolved oxygen 
concentrations. 

The generalizations presented by the Freshwater Panel 
appear to be valid, with qualifications, for estuarine and 
marine situations. 

1 A reduction in dissolved oxygen concentration reduces 
the rate of oxygen uptake by aquatic plants and animals. 
However, as noted by Doudoroff and Shumway, the ob- 
served response of many o~ganisms under laboratory condi- 
tions measured in such terms as growth rate, swimming 
speed, or hatching weight, shows fractional or percentage 
reduction; that approximately correlate with the logarithm 
of the deviation of the dissolved oxygen 'concentration from 
equilibrium with the atmosphere, under conditions of con- 
stant dissolved oxygen concentrations. Thus, reduction in 
the dissolved oxygen' concentration by 1 mg/l from the 
saturation value has much less effect than reduction by 1 
mg/l from the 50 per cent of saturation value. 

2 The non-threshold character of these responses means 
that some risk of effect on the aquatic populations is associ- 
ated with any reduction in the dissolved oxygen concentra- 
tions. As noted above, the risk of damage increases as dis- 
solved oxygen concentrations decrease from saturation 
values. Selection of risk acceptance is a social and economic 
evaluation involving other uses of any particular environ- 
ment that must precede recommendations derived using the 
risk acceptance and the pertinent scientific information. 

3 Consideration of the effects of dissolved oxygen con- 
centrations on aquatic life must include the responses of 
developing eggs and larvae, as well as the maturing and 
adult individuals. Species that have limited spawning areas 
should be identified and the biological risk of decreased 
oxygen concentrations evaluated accordingly. 

For estuaries and coastal waters, consideration must be 
given to the distribution of dissolved osygen with depth, 
since even under natural conditions low oxygen concentra- 
tions may be found in the deeper waters. Special considera- 
tion should be given to estuary type, topography, currents, 
and seasonal development of pycnoclines. 

Many estuaries and coastal regions are highly productive, 
and the characteristic pattern with photosynthesis in the 
upper-water layer or adjacent marshes leads to large popu- 
lation densities in the upper layers and loss of osygen to the 
atmosphere from the supersaturated surface waters or the 
marsh plants. Subsequent decomposition of these organisms 
and their wastes in the deeper waters leads to oxygen deple- 
tion. Several deeper coastal plain estuaries and fjords show 

oxygen depletion from this sequence. Addition of mineral 
and organic plant nutrients to such regions may intensify 
the production and subsequent decomposition processes. 
The effects of particular additions will depend on the wa 
depths and rate of vertical mixing, and it is necessary ,- 
construct an osygen balance model for each case. Sewage 
treatment that consists of partial or nearly complete miner- 
alization of the organic materials may still produce a dis- 
charge that will damage the aquatic system, i.e., an amount 
of organic matter nearly equal in oxygen demand to the 
original sewage is produced in the environment. The princi- 
pal effect of many "secondary" treatment systems is the 
trading of an intense local effect near the outfall for a more 
widespread effect at greater distances. One of the major 
considerations in defining water quality recommendations 
for.nutrients in any estuarine or coastal region should be the 
risk associated with osygen depletions from increased 
production. Deliberate moderate additions of nutrients to 
increase the yield of some fishery should also give due regard 
to this secondary effect. 

Recommendation 

Each proposed change in the dissolved oxygen 
concentration in estuaries and coastal waters 
should be reviewed for risk of damage to aquatic 
life. The limited laboratory data and field obser- 
vations on marine organisms suggest that easily 
observed effects, which are in many cases deleteri- 
ous, occur with dissolved oxygen concentrati 
of 4 to 5 mg/l as daily minimum values for peric. - 
of several days. As a guideline, therefore, reduction 
of the dissolved oxygen concentration to values 
below 4 mg/l can be expected to change the kinds 
and abundances of the aquatic organisms' in the 
affected volume of water and area of bottom. Par- 
ticular attention fjhould be directed toward identi- 
fying species with restricted spawning and nursery 
areas and conservatism should be,used in applying 
guidelines to these areas. (See the expanded dis- 
cussion in Section 111, pp. 131-135.) 

RADIOACTIVE MATERIALS IN THE AQUATIC 
ENVIRONMENT 

This section considers radioactivity in all surface waters 
inhabited by plants and animals including fresh, estuarine, 
and marine waters of the U.S. The subject matter pertains 
primarily to the impact of environmental radioactivity on 
aquatic organisms, although it also contains some discussion 
of human radiation exposure from aquatic food chains. A 
recent report by the National Academy of Sciences (1 97 1)887 
presented a review of radioactivity in the marine environ- 
ment, and that review has been used extensively in *'-p. 

preparation of this report. 



Churadan'stics and Sources of Radioactivity ment or into atoms of a different element. If the behavior 
of a particular element in an ecosystem is known, the be- 

a -1diation is the energy emitted spontaneously in the havior of the radioisotopes of that element can be predicted. 
p . of decay of unstable atoms of radioisotopes. This The ieverse also is true, and radioisotopes can serve as ex- 
"nelgy can exist either in the form of electromagnetic rays cellent tracers in following the movement of elements 
or subatomic particles and cannot be detected by man's through complex environmental systems. Radioactive 
senses. Radiation can be detected, however, by means of wastes in the aquatic environment may be cycled through 
electronic instruments, and quantities present at very low water, sediment, and the biota. Each radioisotope tends to 
levels in the environment can be measured with remarkable take a characteristic route and has its own rate of movement 
accuracy. Radioactivity which occurs naturallv in the en- throuqh various temporary reservoirs. The route taken by 
;lironment originates from primordial radioisotopes and tritium is different from that of other radioisotopes. Tritium 
their decay products (daughters) and from reactions be- becomes incorporated in the water molecule and cannot be 
tween cosmic rays fkom outer space and elements in the removed by present waste treatment practices. It  is not con- 
atmosphere or in the earth. Some of the more abundant centrated appreciably by either biota or sediments. 
primordid radioisotopes in terms of their radioactivity are When radioactive materials enter surface waters they are 
potassiun- ('OK), palladium (*34Pd), rubidium (ElRb), diluted and dispersed by the same forces that mis and dis- 
lranium (2sEU) and thorium (237T), the first accounting for tribute other soluble or suspended materials (National 
90 per cent of the natural radiation in the oceans. While Academy of Sciences 1957).3g8 The dominant forces are 
beryllium (Be) is the most abundant radioisotope produced mechanical dilution that mixes radioisotopes in the waste 
by cosmic rays, carbon ("C) and hydrogen (JH) (tritium) stream as it leaves an outfall structure; advection and turbu- 
are biologically the most interesting. The presence of natural lent~ diffusion that mix materials in the receiving waters; 
radioactivity was unknown until 1896 when Becquerel dis- and major transport currents that move masses of water 
:overed uranium. Until the development of the atomic over relatively long distances. On the other hand, precipita- 
bomb during World War 11, virtually. all of the radio- tion and sedimentation tend to restrict the area of dis- 
activity on earth came from natural sources. persion. When first introduced into fresh or marine water, 

The  first man-made radioisotopes were not released into a substantial part of the materials present in radioactive 
the environment in any significant amounts until the atomic wastes becomes associated with solids that settle to the bot- 
bomb was tested and used in war wen though the uranium tom, and many of the radioisotopes are bound chemically 
2f 3m was first split (fissioned) by neutron bombard- to the sediments. The sediments may also be moved geo- 
mL. - In 1938. While the release of radioisotopes was &as- graphically by currents. Even though in some instances 
tically reduced with the halting of nuclear weapons testing sediments remove large quantities of radioisotopes from the 
in the atmosphere by signatories of the test ban treaty, water, and thus prevent their immediate uptake by the 
radioactive wastes continue to be released from nuclear biota, this sediment-associated radioactivity may later 
powered ships and submarines, nuclear power plants, nu- leach back to the water and again become available for up- 
Aear fuel reprocessing plants, and to a lesser extent from take by the biota. 
laboratories and hospitals. Two methods have been used in Plants and animals, to be of any significance in the pas- 
handling radioactive wastes. High levels have been concen- sage of radioisotopes through a food web in the aquatic 
trated and held in special storage tanks, while low levels of environment, must accumulate the radioisotope, retain it, 
radioactive wastes in small volumes have been diluted and be eaten by another organism, and be digested. Radioiso- 
dispersed in the aquatic environment-particularly in the topes may be passed through several trophic levels of a food 
Jceans. Some manmade radioisotopes, such as strontium 90 web, and concentrations can either increase or decrease 
and cesium 137, are the debris of split atoms and are called from one trophic level to the next, depending'upon the 
fission .products. Other radioisotopes, such as zinc 65 and radioisotope and the particular prey-predator organisms. 
cobalt 60, are activation products, produced when stray This variation among trophlc levels occurs because different 
neutrons from the fission process strike the atoms of stable organisms within the same trophic level have different 
elements. levels of concentration and different retention times, which 

Cycling of Radioactive Materials The physical, depend upon their metabolism or capacity to concentrate a 
chemical, and physiological behavior of radioisotopes is es- given radioisotope. The concentration of a radioisotope by 
sentially identical with that of the stable isotopes of the same an organism is usually discussed in terms of a concentration 
element-at least until disintegration occurs. I t  should be factor: the ratio of the concentration of the radioisotope in 
pointed out, however, that i n  some instances the physical the organism to that in its source, that is, the amount in 
and chemical states of a radioisotope introduced into the water or food. Radioisotopes with short half-lives are less 
aquatic environment may vary from that of the stable ele- likely to be highly concentrated in the higher trophic levels 
mr 'n water. At the time of disintegration, the decaying of the food chain because of the time required to move from 
at  - - - -~hange  into different types of atoms of the same ele- the water to plants, to herbivores, and eventually to carni- 

i 
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vores. Organisms that concentrate radioisotopes to a high 
level and retain them for long periods of time have been 
referred to as "biological indicators for radioactivity." These 
organisms are of value in showing the presence of radio- 
active materials even though the concentrations in the water 
may be less than detectable limits. 

Exposure Pathways 

The radiation emitted by radioisotopes that are present in 
aquatic ecos)atems can irradiate the organisms in many 
different ways. In order to evaluate the total radiation dose 
received by the aquatic organisms, and thus the risk of their 
being injured, all sources of esposure must be considered. 
These sources include both natural and man-made radia- 
tion, both external and internal. 

Major Sources of External Radiation 1 Radioiso- 
topes in the surrounding water that tend to remain in 
solution, or at least suspended in the water, become associ- 
ated more readily with aquatic .organisms than the radio- 
isotopes that settle out. 

2 Radioisotopes present on or fixed to sediments are 
significant to aquatic life, particularly to benthic organisms 
in the vicinity of existing major atomic energy plants. 

3 Radioisotopes attached to the outer surfaces of orga- 
nisms are of greater significance to micro-organisms, which 
have a larger surface-to-volume ratios, than shellfish or fish. 

4 Cosmic-rays are of relatively minor importance to 
aquatic life that lives a few feet or more below the water 
surface, because of the shielding afforded by the water. 

Major Sources of Internal Radiation 1 Radioiso- 
topes in the gastrointestinal tract frequently are not assimi- 
lated, but during their residence in the tract expose nearby 
internal organs to radiation. 

2 Assimilated radioisotopes are absorbed from water 
through the intepment or from food and water through the 
walls of the gastrointestinal rract, metabolized, and are in- 
corporated into tissues where they remain for varying 
perrods of time. Aquatic plants, including algae absorb 
radioactive materials from-the ambient water and from the 
interstiti'al water within the sediments. 

I t  is difficult to measure the amount of radiation ab- 
sorbed by aquatic organisms in the environment because 
they are simultaneously irradiated by radioisotopes within 
their body, on the surface of their body, in other organisms, 
in the water, and in sediments. Exposure thus depends on an 
organism's position in relation to the sediments and .to other 
organisms, and to movement of some species in and out of 
the contaminated area. 

Biological Effects of Ionizing Radiation 

Ionizing radiation absorbed by plant and animal tissue 
may cause damage at the cellular and molecular levels. The 
degree of radiation damage to an organism depends upon 
the source (external or internal), the type (electromagnetic 

or particulate), the dose rate (intensity per unit of time), 
and the total dose. Possible effects to the individual orga- 
nism may include death, inhibition or stimulation of grow* 
physiological damage, changes in behavioral patterns, dt 
velopmental abnormalities, and shortening of life span. In 
addition, the estent of biological damage from radiation can 
be modified by environmental stresses such as changes in 
temperature and salinity. Under certain conditions, irradia- 
tion can cause gross pathological changes which are easily 
observed, or more subtle changes which are difficult or im- 
possible to detect. In addition to somatic changes which 
affect the individual, genetic changes also may occur which 
may affect the offspring for many generations. At one time, 
it was widely believed that there was a threshold radiation 
dose below which damage did not occur, but now the con- 
sensus of most radiobiologists is that any increase over back- 
ground radiation will have some biological effect. While 
the non-existence of a threshold dose is difficult to prove, 
most radiation biologists agree that even background levels 
of radiation from primordial radioisotopes and cosmic rays 
have resulted in some genetic changes over the ages. These 
radiation-induced changes usually constitute less than 1 per 
cent of all spontaneously occurring mutations (Asimov and 
Dobzhansky 1 966).384 

The amount of radiation absorbed by an organism can be 
expressed in various ways. The rad (radiation absorbed 
dose) is the unit used to measure the absorbed dose of radia- 
tion and refers to the absorption of 100 ergs of energy per 
gram of irradiated material. Because a rad of alpha or nl 
tron radiation produces greater biological damage than , 
rad of gamma radiation, another unit called the rem (roent- 
gen equivalent man) also is used. To obtain the rem, or dose 
equivalent, the number of rads absorbed by the tissue is 
multiplied by the quality factor and other necessary modify- 
ins factors to compensate for the effects of different types of 
radiation. The acute doses of radiation required to produce 
somatic damage to many species of aquatic organisms have 
been established within broad limits (National Academy of 
Sciences 197 Some bacteria and algae can tolerate 
doses of many thousands of rads, but the mean lethal dose 
(LDS0-30 days) for fish is in the range of several hundred 
to a few thousand rads. Eggs and early developmental 
stages are more sensitive than are adults. By comparison, 
the mean lethal dose for humans is about 300 rads. 

The acute mean lethal dose has little value in placing re- 
strictions on the amounts of radioactive material present in 
aquatic environments. Much more meaningful is the Highest 
level of chronic exposure that results in no demonstrable 
damage to aquatic populations. A vast amount of research 
on dose-effect relationships for warm-blooded animals has 
led to the recommendations on human radiation exposure. 
People who work with radiation may receive no more than 
5 rem in any one year. The recommended limit for the 
general public is 0.5 rem in one year for individuals bi 
restricted to only 0.17 rem per year as an average for pcj; 



[[ions. The lower level permitted for populations is to re- will be protected by the restrictions currently imposed on 
uce the possibility of genetic changes becoming established. the basis of human health. 
I rared with the experimental data available for The regulations which serve to protect man from radia- 

C i .  ~looded animals, only a meager amount of informa- tion exposure are the result of years of intensive studies on 
on is available on chronic dose-effect relationships for the biological effects of radiation. Vast amounts of informa- 
juztic forms. The preponderance of available data indi- tion have been considered by the International Commission 
ires, however, that no effects are discernible on either indi- on Radiological Protection (ICRP) (1960,388 1964,380 
dual acluatic organisms or on populations of organisms at 1965381), the National Cc~lrlcil on Itadiation Protection and 
sse-rate< as high as several rads per week. In populations of Measurements (NCRP: '1959,31s I971 389), and the L- S. 
lid species, genetic damage may be removed by natural Federal Radiation Council (FRC) (1960,387 1961388), in 
*lection and somatically weakened individuals are prob- developing recommendations on the maximum doses of 
3ly eaten by predators. Consequently, aquatic organisms radiation that people mav be allowed ro receive under 
jversely affected by radiation are not readily recognized various circumstances or rhat rnav occur in water. The 
I the field. Drinking Water Standards (U.S. Department of Health, 
The natural populations of fish that have probably sus- Education and Welfare, Public Health Service 1962400) and 

lined the  greatest exposure to man-made radioactive ma- the Code of Federal Regulations (1967)s88 are responsive to 
:rials are those near major atomic energy installations, for the recommendations of the FRC, ICRP, and NCRP, and 
<ample, in the Columbia River near Hanford; in White provide appropriate protection against unacceptable radia- 
Iak Creek and White Oak Lake, near Oak Ridge; and in tion dose levels to people where drinking water is the only 
ie Irish Sea near Windscale, England. Small fish which ~i~gnificant source of exposure above natural background. 
:ceived chronic irradiation of about 10.9 rads per day from Where fish or other fresh or marine products that have 
.dioisotopes in the sediments of White Oak Creek produced accumulated radioactive materials are used as food by hu- 
irger broods but with a higher incidence of abnormal em- mans, the concentrations of the radiosiotopes in the water 
ryos (Blaylock and Mitchell 1969).386 Chironomid larvae must be further restricted to ensure that the total intake of 
ving in the bottom sediments and receiving about five radioisotopes from all sources will not exceed the recom- 
ids per week had an increased frequency of chromosomal mended levels. 
berrations but the abundance of the worms was not af- 
c t  The stocks of plaice in the vicinity of the Windscale conclusions 
ut iave been unaffected by annual dose rates of about 
0 rads per year-primarily from the bottom sediments Previous attempts to restrict radioactive discharges to 
Ministry of Agriculture, Fisheries and Food 1967).s82 marine environments have resulted in recommended maxi- 
:olumbia River salmon spawning in the vicinity of the mum permissible concentrations in sea water (National 
Ianford outfalls have been unaffected by doses in the range Academy of Sciences 1 959a,384 1 959b,s8s 1 962,386 197 1 387). 

100 to 200 millirads per week (Watson and Templeton These recommendations are most useful as a first approxi- 
I press).402 These observations on chronic exposure of mation in predicting safe rates of discharge of radioactive 
quatic organisms provide a subjective assessment of radia- wastes, but their applicability as water quality recommenda- 
Ion sensitivities in natural populations but are not suffi- tions is limited and they are not intended for general use in 
iently definitive to form the basis for thk development of fresh or estuarine waters where the concentrations of a great 
;ater quality recommendations. variety of chemical elements vary widely. 

Three approaches to the control of levels of radioactivity 
lestridions on Radioactive Materials in the aquatic environment have been used: (1 )  controlling 

The amounts of radioactive materials present in water the release of radioactivity based upon the specific activity 
nust be restricted in order to assure that populations of or- approach-the ratio of the amount of radioactive isotope 
anisms are not damaged by ionizing radiatibn and also to present to the total amount of the element (microcuries per 
lmit the amount of radioactive material reaching man via milligram) (National Academy of Sciences 1962),386 (2) 
quatic food chains. Permissible rates of intake of the vari- relating the effects of radiation upon aquatic organisms 
bus radioisotopes by man have been calculated so that the caused by a given concentration of a radioisotope or com- 
esulting annual dose is no greater than the recommended binations of radioisotopes in the water, and (3) restricting 
~mit .  Therefore, when the rate of consumption of aquatie concentrations of radioisotopes to those permitted in water 
lrganisms is determined, e.g., pounds of fish or  shellfish per and food far human consumption. 
.ear, maximum concentrations of radionuclides permissible Since concentrations of stable elements vary from one 
.I the edible parts of the organisms can be computed. These body of water to another, and with time, and since adequate 
naF.-urn concentrations are well below the concentrations data are not available to relate effects of radiation upon 
vh - - .ave produced detectable effects on natural aquatic aquatic organisms to specific levels of radioactivity in the 
)opu~ations. It is probable that the aquatic environment water, restrictions contained in the Code of Federal R w  
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lations (1 967)386 on liquid effluents are considered adequate 
to safeguard aquatic organisms. 

Because it is not practical to generalize on the extent to 
which many of the important radioisotopes will be concen- 
trated by aquatic organisms, nor on the extent to which 
they will be used for food by people, no attempt is made 
here to specify maximum permissible concentrations (MPC) 
for water in reference to uptake by the organisms. Rather, 
each case requires a separate evaluation that takes into ac- 
count the peculiar features of the region. Such an evaluation 
should be approved by an agency of the State or Federal 
Government in each instance of radioactivity contamina- 
tion in the environment. In each particular instance of pro- 
posed contamination, there must be a determination of the 
organisms present, the estent to which these organisms 
concentrate the ratioisotopes, and the extent to which man 
uses the organisms as food. The rates of release of radio- 
isotopes must be based on this information. 

Recommendation 

Aquatic organisms doncentrate radioisotopes to 
various degrees in their tissues. The concentration 
in sea water should be low enough so that the con- 
centration in any aquatic species will not exceed 
Radiation Protection Guides of the U.S. Federal 
Radiation Council (1961)401 for organisms harvested 
for use as human food. This recommendation is 
based upon the assumption that radiation levels 
which are acceptable as human food will not injure 
the aquatic organisms including wildlife. 

SEWAGE AND NUTRIENTS 

Magnitude of the Problem 

The discharge of municipal sewage is a major factor 
affecting the water quality of receiving systems. Because 
the amount of municipal waste produced is directly related 
to the human population, the unit emission rates together 
with information on the number of people using a system 
provide an accurate estimate of the load that is imposed on 
a particular estuary or section of coastal water. 

The effect of sewage discharges on water quality varies 
widely and depends on (1)  its composition and content of 
toxic materials, (2) the type and degree of treatment prior 
to discharge, (3) the amount released, (4) the hydrody- 
namics of the receiving waters, and ( 5 )  the response of the 
ecosystem: Increasing human populatiun and affluence 
have resulted in increasing amounts of domestic and in- 
dustrial wastes. However, because the kind and degree of 
treatment often can be improved, it should be possible to 
cope with this pollution problem and to maintain or im- 
prove the quality of the marine environment. 

In most cases the discharge of sewage effluent is inten- 
tional and the source of sewage and sewage treatment 
products entering marine ecosystems can be described more 

TABLE IV-8-Average Sewage Emissions for a Densely 
Populated Area 

........................ Dinolvad solids. ' 3.600 1.03 
Suspendad solids.. ...................... 565 0.162 
BOD..  ................................ 560 0.160 

.................... Total nltrotan (N). 16s o.on 
Phosphate (Pod ........................ 100 0.029 

a For 700 mrd of m q a ;  ospuiation of 7 mlllioa 
NbS.NRC Cornmlltss on O c ~ ~ l n p h y  1978". 

accurately than the sources of other pollutants entering the 
ecosystem. The volume of discharges and certain aspects of 
their composition, specifically, the amount of organic mat- 
ter and the inorganic nutrients, can ,be monitored continu- 
ously by existing au toma red methods. Average values for 
some important constituents and their emission rates in a 
densely populated coastal area are given in Table IV-8. 

Runoff from agriculture areas is an important factor in 
the nutrient enrichment of freshwater systems, but it is less 
important to marine systems because relatively fewer farms 
are concentrated on estuaries and coasts. Nevertheless, agri- 
cultural practices should be considered. Pesticides, fertil- 
izers and animal wastes may be carried by rivers into 
estuaries. Runoff from duck farms was involved in a study 
on excessive nutrient enrichment by Ryther (1 954). 
Commoner (1970)409as emphasized that in the Unit ' 
States during the last twenty-five years the amount of 
trogen used in agriculture has increased fourteenfold while 
the amount of nitrogen released via sewage has increased 
only seventy per cent. 

In  addition to degradable organic materials derived from 
fecal and food wastes, municipal sewage also contains a 
wide variety of "exotic" or synthetic materials that are non- 
degradable or degrade slowly and only under special condi- 
tions (e.g., petroleum residues, dissolved metals, detergents, 
dyes, solvents, and plasticizers). Some of these adversely 
affect the biota of receiving waters, and many interfere with 
the biological degradation of organic matter either in the 
treatment plant or in the environment. Because waste 
treatment technology currently in use is designed to treat 
the fecal and food materials derived from organic wastes, 
an operational definition of municipal sewage "exotics" is 
all those' materials not derived from fecal or food sources. 
If the esotic materials accumulate in the receiving ecosys- 
tem, the capacity for recycling of the degradable organic 
materials may be reduced. 

Oxygen Depletion 

Efficient' biological degradation of organic materials re- 
quires dissolved oxygen, and overload of sewage in receiving 
waters can result in oxygen depletion and secondary e f  - 
such as objectionable odors, plant and animal diesff;-.-.-'. - - 
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zenerally decreased rates of biological degradation. Such 
efiects can also be created by excessive algal grow,th and 
subwquent die-off.< 

most widely used method for estimating the organic 
?ol~,~lon load of a waste is the 5 day Biochemical Oxygen 
Demand Test (BODS). Discussions of the test (Fair et al. 
1968,407 Standard Methods 197 1 9  and its limitations 
(IVilhm and Dorris 1968"6) are available. Among the im- 
portant limitations of the BODS are: :t does not indicate the 
presence of organics which are not degraded under the pre- 
-cribed conditions; it assumes that no toxic or inhibitory 
materials will affect microbial activity; and it does not 
measure the nitrogeneous oxygen demand of the organic 
waste. The chemical oxygen demand (COD) is an alternate 
procedure for determining the amount of oxidizable ma- 
terial in a water sample. However, it does not indicate the 
lature of biological oxygen consumption in a given time, 
and it does not distinguish between inorganically and or- 
ganically oxidizable materials. Both BODS and COD 
measurements must be recognized as being only partial 
descriptions of the sewage load of a receiving water. While 
BODs and COD measurements are useful for evaluating 
reatment systems, these two measurements do not ade- 

quately assess the environmental impact of a given sewage 
load (Wilhm and Dorris 1 968).426 

Excessive ~utrient Enrichment 

Marine plants, like those on land and in fresh water, re- 
I 'ertilizing elements essential for their growth and re- 
pr, .ztion. These essential elements are natural constitu- 
ents of municipal sewage and the amount that can be added 
to the marine environment without deleterious effect is de- 
termined by the stimulated growth of aquatic plants. Even 
if the major share of the organic material is removed from 
.he sewage in treatment plants, the growth of normal 
marine plants can increase if the fertilizing elements ?resent 
in sewage are added to the environment. Sewage treatment 
plants are designed to remove the organic material and the 
suspended solids and to decrease the bacterial population 
by disinfection. I n  most cases, this is done by processes that 
;elease or "mineralize" the plant nutrients which then stim- 
ulate the growth of algae in the receiving waters. In  only a 
few cases have efforts been made to remove these fertilizers 
from the effluent to prevent or reduce the excessive growth 
of plants in the aquatic environment. 

In the marine environment, growth of phytoplankton is 
commonly limited by the availability of essential nutrients, 
the most important of which are phosphorus and citrogen 
in available forms. In  some cases, shortages of silicate can 
inhibit the growth of the diatoms and encourage growth of 
other species. I n  certain limited areas, other elements such 
as iron and manganese have been reported as limiting 
growth of algae, and the presence or absence of other 
gr 5 stimulating substances, such as vitamin Biz, can in- 
f l ~  : both the amount and the character of plant species 

capable of growing. It  should be noted that in the marine 
environment, several elements essential for plant growth 
such as potassium, magnesium, and sulfur, are present in 
great excess. 

Organic material produced by natural phytoplankton 
populations produces an oxygen demand when the material 
is consumed or decomposed. Oxygen is produced by the 
process of photosynthesis, but this production occurs only 
near the surface during daylight when the amount of light 
penetrating the water is adequate. Due toshe sedimentation 
of dead organic particulate material, decomposition usually 
takes place in the deep waters where photosynthetically pro- 
duced oxygen is not available. 

The amount of organic material which can be produced 
by marine phytoplankton as' a result of the addition of 
fertilizing elements is dependent upon the composition of 
the organic material. Redfield et al. (1963)420 give the fol- 
lowing ratios as characteristic of living populations in the 
sea and of the changes which occur in amounts of various 
elements left in water as a result of algal growth 

AO:  AC: AN : AP= . 

276: 106: 16 : 1 by atoms or 
138 : 40: 7%: 1 by weight 

In addition to the readily available forms of phosphorus 
and nitrogen (dissolved orthophosphate, ammonia, nitrite, 
and nitrate), organic forms of phosphorus and nitrogen may 
be made available by bacterial decomposition. Some dis- 
solved organic nitrogen compounds are also available for 
direct assimilation. 

I t  should be emphasized that these ratios are not con- 
stant in the rigorous sense of the stoichiometric ratios in 
chemistry. The plant cells can both enjoy a "luxury" con- 
sumption of each element (Lund 1950)414 or survive nutri- 
tional deficiencies (Ketchum 1939,410 Ketchum et al. 
194g411). In  terms of the total production of organic ma- 
terial these variations are important only'when concentra- 
tions of the elements are unusually low. I t  has been shown, 
for example, in New England coastal waters that nitrogen is 
almost completely removed from the sea water when there 
is still a considerable amount of phosphorus available in the 
system. Under these circumstances the plants will continue 
to assimilate phosphorus, eben though total production of 
organic matter is limited by the nitrogen deficiency 
(Ketchum et al. 1 958,412 Rythercand Dunstan 197 1 42s).  

The amount of oxygen dissolved in sea water at equi- 
librium with the atmosphere is determined by salinity and 
temperature. Nutrient elements added to the marine en- 
vironment should be limited so that oxygen content of the 
water is not decreased below the criteria given in the dis- 
cussion of Dissolved Oxygen in this Section. In many pol- 
luted estuaries, the amount of fertilizing elements added in 
municipal sewage is sufficient to produce enough organic 
material to completely exhaust the oxygen supply during 
decomposition. T& oxygen content of sea water and of 
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fresh water a t  equilibrium with the atmosphere is presented 
for different temperatures in Table IV-9. For the purposes 
of this table, a sea water of 30 parts per thousand (0/50) 
salinity has been used, which is characteristic of the near- 
shore coastal waters. The salinity effect on concentration of 
oxygen at saturation is minor compared to effects of tem- 
perature in the normal ranges found in coastal waters. 

From the ratios of elements given above ancl the satura- 
tion values for oxygen, one can derive the effect of nutrient 
enrichment of marine waters. For example, from an addi- 
tion of phosphorus and available nitrogen to final concen- 

J trations of 50 and 362.5 micrograms per liter respectively 
in the receiving water, enough orsanic material could be 
produced to remove 6.9 mihigrams per liter of oxygen from 
the water. Data in Table IV-9 indicate that sea water with 
a.salinity of 30 and a temperature of 25 C will contain, 
at saturation, 6.8 milligrams of oxygen per liter. This con- 
centration of nutrients would thus permit the system to be- 
come anoxic and would violate the requirement that oxygen 
not be changed beyond levels espressed in the section on 
Dissolved Oxygen. Fresh water would contain 8.1 mg/l of 
oxygen at  saturation at 25 C, so that the same amount of 
nutrient addition would remove 84 per cent of the available 
oxygen. 

The example used might be considered to set an upper 
limit on the amount of these nutrients added to water. The 
actual situation is, of course, much more complicated. I t  is 
clear from the data in Table IV-9 that summer conditions 
place the most stringent restrictions on nutrient additions to 
the aquatic environment. Furthermore, the normal content 
of nutrients in the natural environment has to be considered. 
If these were already high, the amount of nutrients that 
could be added would have to be reduced. As mentioned 
above, the ratio of elements present in the natural environ- 
ment would also be important. Nitrogen is frequently the 
element in minimum supply relative to the requirement of 
the phytoplankton, and addition of excess phosphorus under 
these circumstances has less influence than addition of nitro- 
gen. Differences in the ratios of nitrogen to phosphorus may 
also modify the type of species present. Ryther (1954),422 
for example, found that unusually low nitrogen to phos- 
phorus ratios in Moriches Bay and Great South Bay on 
Long Island, New York, encourage the growth of micro- 

TABLE N-9-Effects of Salinity and Temperature on the 
Oxygen Content of Water in Equilibrium with Air at 

Atmospheric Pressure 

Tarnpanlura C Salinity O/oo 01yrsn m(/l Salinity 0100 Or).gnn ml / l  

Richuds and corhn I U C ~ .  

scopic forms of ~Vannochloris atomlrs at the expense of the 
diatoms normally inhabiting this estuary. 

Many forms of blue-green algae are capable of fixing 
nitrogen from the gaseous nitrogen dissolved in sea wat 

- 

Nitrogen deficiencies could be replenished by this mecl 
nism so that decrease in phosphorus content without con- 
comitant decrease in nitrogen content might still lead to 
overenrichment, as well as shift the dominant phytoplank- 
ton population. 

Oxygen content of upper water layers can be increased by 
exchanges with the atmosphere. This process is proportional 
to the partial pressure of oxygen in the two systems so that 
the more oxygen deficient the water becomes, the more 
rapid is the rate of replacement of oxygen in the water by 
atmospheric oxygen. Finally, mixing and dilution of the 
contaminated water ,with adjacent bodies of water could 
make additional oxygen available. All of these variables 
must he considered in order to determine acceptable levels 
at which nutrients present in sewage can be added to an 
aquatic environment. In fact, Inany polluted estuaries al- 
ready contain escessive amounts,of these fertilizing elements 
as a result of pollution by municipal sewage. 

The effects of ratios of elements discussed above have a 
very important bearing upon some of the methods of con- 
trol. For example, the removal of phosphates alone from the 
sewage will.have ,an effect upon the processes of over- 
enrichment only if phosphorus is indeed the element limit- 
ing production of organic matter. When nitrogen is limit- 
ing, as it is in New England coastal waters accord in^ '- 
Ryther and Dunstan (1971),423 'the replacement of ( 
phorus by nitrogen compounds, such as nitrilotriacetate 
(NTA) could be more damaging to the ecosystem than con- 
tinued use of phosphate-based detergents. 

Pathogenic Microorganisms 

The fecal coliform indes is the most widely used micro- 
biological indes of sanitary quality of an estuary. Fecal 
coliform indices represent a cornpromise between the ideal 
of direct determination of bacterial and viral pathogens in 
time-consuming laboratory procedures, and the indirect 
less indicative but practical exigencies. Laboratory method: 
for quantitative enumeration of virus currently are being 
developed and their present status is one of promise, bu 
more time is needed for their evaluation. Bacterial pathoge~ 
detection frequently requires special laboratory attention. 

Virus, in general, may eshibit considerably longer sur 
viva1 tiines in water and shellfish as compared to feca 
coliform bacteria. Under these circumstances a negative E 
coli test can give a false impression of the absence of vir2 
pathogens (Slanetz et al. 1 965,424 Metcalf and Stiles 1 968415: 
Fecal coliform multipiication may possibly occur in po! 
luted waters leading to further difficulties in interpretin 
sanitary quality. 

Disinfection of'waste water by chlorine is effective in rc 
moving most pathogenic bacteria but unpredictable +_ - 

' 



.!icing the number of viruses. Differences in-resistance of 
a .:a and virus to chlorination may result in the appear- 
.n infectious virus in treated effluents devoid of bac- 
:ria. ~ a i l u r e  to demonstrate the.presence of viruses would 
:r :lie. best way to insure their absence, but such capability 
.!i...~:ts development of methods adequate for quanritative 
:~u~lera t ion  of virus in water. 
'Tile pollution of estuaries with waste products has led to 

ilr. contamination of shellfish with human pathogenic 
.acteria ancl viruses. Gutbreaks of infectious hepatitismand 
 cute gastroenteritis, derived from polluted shellfish have 
tinforced concern over the dangers to public health associ- 
~ t c d  with the pollution of shellfish waters. The.seriousness of 
,iral hepatitis as a world problem has been documented by 
l.losley and Kendrick (1  969) .u8 Transmission of infectious 

- 'epatitis as a consequence of sewage-polluted estuaries.has 
~ccurred through consumption of virus-containing sheilfish, 
:ither raw or improperly cooked. Nine outbreaks of infec- 
.ious hepatitis have been.attributed to shellfish (Liu 1 970)'.413 
::ontamination of 'water by sewage leads to the closing of 
Jyster beds to commercial harvesting, denying public use 
,f n natural resource and causing economic, repercussions 
.n the shellfish industry. (See the discussion of Shellfish in 
Section I on Recreation and Aesthetics.) 

Sludge Disposal into Marine Waters ' 

rh~mping of sewage sludge in the ocean continues and this 
PI ,:, although at present indispensable, constitutes a 
10s. u~ one resource and potential danger for another. A 
xudy on the New York Bight sludge and spoil dumping 
area has shown that an accumulation of toxic metals and 
~~etroleum materials appear to have reduced the abundance 
3f the benthic invertebrates that normally rework the sedi- 
rnents in a healthy bottom community (Pearce 1969).4LQ 

Deep Sea Dumping 

Biolog~cal degradation of organic waste materials is gen- 
erally affected by micro-biota and chemophysical environ- 
mental factors. T h e  deep sea is increasinglv considered for 
the disposal of organic waste materials. A recent study 
(Jannasch et al. 1 971)4n9 has shown that rates of bacterial 
activity in degrading organic materials was hlowed by' 
about two orders of magnitude at  depths of 5,000 to 15,000 
feet as compared to samples kept at equal temperatures 
(38 'F) in the laboratory. Since (a) the disposal of organic 
wastes should be designed on the basis of rapid decomposi- 
tion ancl recvcling, and (b) there is no control of the pro- 
cesses follow~ng deep-sea disposal, this environment cannot 
he considered a suitable or safe dumping site. 

Potential Beneficial' Uses of Sewage 
. . 

Light loads of either organic-rich raw sewage or nutrient- 
ri. . 'ological treatment (secondary) effluent increase bio- 
l<-I- productivity; Except for short-term data on increased 
fish and shellfish production, beneficial-effects have rarely 

beer: i~ifi,c~ently documented, but at the present time several 
acri..:~: ,:r:;mrch programs are: underway. Some degree of 
nutricn~ a:.t.:~richment esists today in most estuaries close to 
crnrers i.!' ?cpuiations. These estuaries remain relatively 
produc:i:rt., ancl useful for fishing and recreation. Certain 
Ie.:ei.; cI r,:css!.:itcrn modificarion 'via organic and nutrient 
t.anrici.~~~ir.i;~' a!:~peor ,to-.be compatible with current water 
uses: hc:l\\:e\,c.r. :jubtle changes in ecosystems may be accom- 
paniecl h!: ~:rrti., more extensit:e;change. 

The pos.~ibilicy of intensive use of essential plant nutrients 
in waste material to increase the harvestable productivity 
of estuarine cozstal systems has been suggested as a logical 
way to treat sewage and simultAieous~~ derive bn economic 
benefit. hquaculture systems would essentially be an es- 
tension of :he waste treatment process. 'Conceptually, aqua- 
culture is a form ,of advanced treatment. The limiting factor 
involves problems pres'ented 'by tosic synthetic chemicals, 
petroleunl, metals,' and pathogenic microorganisms in 
effluents of conventional biological treatment plants. 

I 

Rationale for Esfablishing Recommendations 

It  is conceptually difficult to propose a level of nutrient 
enrichment that will not alter the natural flora because 
seasonal phytoplankton blooms with compies patterns of 
species succession are an integral part of the ecology of 
estuarine and coastal waters. The timing and intensity of 
blooms vary from year to year and patterns of species suc- 
cession are frequently different in successive years. The 
highly productive and variable ecology of estuaries makes it 
difficult to differentiate between the early symptoms of arti- 
ficial nutrient enrichment and natural cyclic phenomena. 
In addition, there have already been major quantitative 
and qualitative changes in the flora of marine waters close 
to centers of population. These changes are superimposed 
on the normal patterns of growth and may not in themselves 
impair the recreational and commercial use of waters. 

Simulation modeling has been used to predict the total 
phytoplankton response to given nutrient inputs with success 
by O'Connor (1965)us and DiToro et al. (1971)405 in the 
San Joaquin Estuary and by Dugdale and Whitkedge 
(1970)40s for an ocean outfall. Their models predict the 
phytoplankton response from the interaction of the kind 
and rate of nutrient loading and the hydrodynamic dis- 
persal rates. This technique, although not perfect, facilitates 
evaluation of the ecological impact of given nutrient loads, 
but does not help in deciding what degree of artificial en- 
richment is safe or acceptable. 

Recommendations 

Untreated or treated municipal sewage dis- 
charges should be reco'gnized as a major source of 
toxic 'substances. Recornrnendati'ons for these con- 
stituents will limit the.amount of sewage effluent 
that ,.can be dispersed into estuaries. Reduced 
degradation rates of highly dispersed materials' 
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should be considered if the effluent contains re- controllability of such a procedure have been com- 
fractory organic material. Undegradable synthetic pleted. 
organic compounds do not cause oxygen depletion 
but can still adversely affect the ecosystem. Main- SOLID WASTES, PARTICULATE MATTER, AND 
tenance of dissolved oxygen standards will not pre- OCEAN DUMPING 
vent the  potentially harmful buildup of these 
materials. Specific quantitative analyses should be 
done to  identify and assess the abundance of these 
compounds. . The addition of any organic waste to the  ma- 
rine environment should be carefully controlled to 
avoid decomposition which would reduce the oxy- 
gen content of the water below the  levels specified 
in the recommendations for oxygen. 

Neither organic matter nor fertilizers should 
be added tha t  will induce the production of organic 
matter by normal biota to an  extent causing a n  
increase in  the size of any natural anoxic zone in 
the deeper waters of an estuary. 

The natural ratios of available nitrogen to 
total phosphorus should be evaluated under each 
condition, and the element actually limiting plant 
production should be determined. Control of the 
amount of the limiting element added to the water 
will generally control enrichment. 

If the  maximum amounts of available nitrogen 
and phosphorus in domestic waste increase the 
concentration in receiving waters to levels of 50 
micrograms per liter of phosphorus and 360 micro- 
grams per liter of nitrogen, enough organic matter 
would be produced to exhaust the oxygen content 
of the  water, a t  the warmest time of the year under 
conditions of poor circulation, to levels below those 
recommended (see p. 275). These concentrations of 
nutrients are clearly excessive. . The potential presence of pathogenic bacteria 
and viruses must  be considered in waters receiving , 

untreated or treated municipal sewage effluents. 
The .present quality standards for fecal coliform 
counts (see pp. 31-32) should be observed. The 
procedures for the examination of seawater and 
shellfish as recommended by Hosty et al., (1970).L0s 
should be used. 

Disposal of sludge into coastal waters may ad- 
versely affect aquatic organisms, especially the 
bottom fauna. Periodic examination samples 
should determine the spread of such a n  operation 
to aid in the  control of local waste material loads. 
The probable transport by currents should be care- 
fully considered. The dumping of. sludge into 
niarine waters should be recognized as a temporary 
practice. 

Disposal of organic wastes into the  deep-sea is 
not recommended until  further studies on their 
fate, their effect on the deep-sea fauna, and the  

Disposal of solid wastes has become one of the most ur- 
gent and difficult problems in crowded urban centers.' 
Ocean disposal of these waste materials is receiving in- 
creased attention as land suitable for disposal becomes in- 
creasingly difficult to find. 

Solid wastes are of many types and each may have a 
different impact on the marine environment. Household 
and commercial rubbish as well as automobiles and sewage 
sludge are disposed of at sea. Industrial wastes may be 
either solid or dissolved material, of varying toxicity. Har- 
bor channels need continuous dredging, temporarily in- 
creasing the suspended sediment load, and the spoils often 
are dumped in coastal waters. Building rubble and stone 
also often are placed in the sea. The impact of disposal of 
these different materials into the ocean will range from 
innocuous to seriously damaging. 

Particulate material is also ciischarged to the ocean by 
surface runoff, sewage outfalls, and storm sewers (Muni- 
cipality of Metropoiitan Seattle 1965).4B4 Much of this 
material settles to the bottom at or near the discharge site 
(Gross 1970) .443 An increasingly important method of dis- 
posal is that of barging solids offshore to be dumped in 
coastal areas. Table IV-10 sho\vs compilation of the amoun 
of wastes barged to sea in 1968 on the Pacific, Atlantl, 
and Gulf Coasts (Smith and Brown 1969).476 

Dredge Spoils 

Dredge spoils make up a major share of sea disposal 
operations. Their composition depends upon the source 
from which they were obtained. Saila et al. (1968)412 were 
able to differentiate between dredged spoil from Providence 
Harbor dumpecl offshore and sediments of the natural 
bottom in the dumping area (Rhode Island Sound). Gross 
(1970)443 suggests that dredge spoil generall!. consists of a 
mixture of sands, silts, and wastes which form the surface 
deposits in harbors. He  compared minor element concen- 

TABLE IV-10-Ocean Dumping: Types and Amou'nts, 1968 

( In  ions) 
Wasis lype , AUanlic Gull patint Tolal 

Drad[e spoilr .......................... 15.108.000 15,300.000 1.320.000 38.428.000 
Industrial wastar ...... .:. ... .: ......... 3,013.100 696,000 811,300 4,690.500 ' 

.... .................. Sewale s l u d p ~ .  .:. 4.4l7.000 0 . 0 4,417,000 
Conslrudlon and damelition dsbrls.. ..... .Fl4,000 0 0 514,000 
Solid wasla.. ....... .. ................ 0 0 26.000 26.000 

........................... Explosiva.. 15.200 0 0 15.200 - - - -  
.......................... Tohl . .  W,BU,4M 15,866,000 11,127,500 48,210,100 



rations in harbor sediments, dredged wastes, and conti- 
~ental  shelf sediments. The median values of observed con- 
:e ;ens were clearly different, although the ranges of 
.OIL_ ..rrations overlapped. 

The proportion of dredging spoils from polluted areas is 
llustrated in Table IV-11. 

A variety of coas~ai engineering projects involve changes 
n suspended loacls and sedimentation (Ippen 1966,447 
{Vicker 1965J8n). Because importa~it biotic co~nmunities 
nay inhabit the sires selected for these projects, conflicts 
r ise concerning ~avlgational, recreational, fisheries, con- 
iervation, and municipal uses of the areas (Cronin et al. 
1969).4s8 Although our knowledge about the effects is 
imited and the literature is widely scattered, Copeland 
and Dickens (1 969)433 have attempted to construct a picture 
7f how dredging afiects estuarine ecosystems from informa- 
tion gathered in the upper Chesapeake Bay, Maryland, 
Redfish Bay, Texas, and an intracoastal canal in South 
Carolina. 

The biological effects of suspended loads, sedimentation, 
dredging methods and spoil disposal may range from gross 
damage, such as habitat destruction and smothering, to 
more subtle effects under low but chronic conditions of 
sedimentation over long periods of esposure. The channeli- 
zation, dumping of spoils, dredging, and filling in the Gulf 
Coast estuaries had destrosed roughly 200,000 acres of 
s\vamp, marsh, and bav bottom areas by 1968 (Chapman 
1 PC '32 Marshall 1 96843B). 

cures of clays, silts, fine sands, and organic matter, 
sometimes referred to as "faunally rich muddy sand," tend 
to support larger benthic populations than coarse clean un- 
stable sands, gravels, or soft muds (Carriker 1967)J30 over 
or through which locomotion may be difficult (Yonge 
1953).482 Close relationships exist between the presence of 
organic. matter, the mechanical nature of sediments, and 
infaunal feeding habits (Sanders 1 956,473, 1958, 474 MciVulty 
et al. 1 962,J61 Brett cited by Carriker 1967430). 

Ten years after dredging Boca Ciega Bay invertebrate 
recolonization of canal sediments (92 per cent silt and clay; 
7.4 per cent carbon) was negligible. None of 49 fish species 
caught in these canals (as compared to 80 species in un- 
dredged areas) was demersal, apparently because of the 
lack of benthic fish food organisms on or in the canal de- 

posits (Taylor and ~ a l o m a n  ' 1968 j ."' Breuer (! 962).'?0 
noted that layers of dead oyster shell in South Bay corre- 
sponded to lavers of deposited spoil from dredging and re- 
dredging of the Brownsville Ship Channel. He thought that 
this suggested destruction of South Bay oyster populations 
with each dredging operation. 

Pfitzenmeyer ( 1  9 7 0 ) ' ~ ~ "  and Flemc::. et al. ( 1  967) noted 
a 71 per cent reduction in avernae nur-i?izer of individuals 
ancl a markecl reduction in di"~~..sii). :and bio:nnss in a spoil 
area in upper Chesapeake Bay after :lrccir.in~ ceased. One 
and one half years after dred~ing,  the nur~ber  of indivicluals 
and species diversity of the spoil dispozal area, but not in 
the channel; were the same as those of the surrounding 
area. 

In lower Chesapeake Ba)., Harrison et al. (1964)J44 ob- 
served a transitory effect of a dredging and spoil disposal 
operation on infayna, Resettlement of the dredged ancl dis- 
posal areas was &r!. rapid by active migration and hydro- 
dynamic distribution of juveniles. 

Mock (1967)483 noted that an unaltered shore in Clear 
Lake, Tesas, produced 2.5 times more post larval and ju- 
venile brown shrimp IPrnorrrs o~t~crrs) and 14 times more post 
larval and juvenile white shrimp (Pennt~us srtijYrrrs) than a 
similar bulkheaded shore. In a laboratory study using simi- 
lar substrates, Williams' (195B)JY' data suggested that the 
type of substrate ma): exert its influence through its effect 
on available cover, although a contributing factor may be 
the different food content of the substrate. 

Bayless (1968)"' observed higher average hatches of 
striped bass eggs (lblorone sa.~a~illis) on coarse sand (58.9 per 
cent') and a plain plastic pan (60.3 per cent) than on silt- 
sand (21 per cent), silt-clay-sand (4 per cent) or muck 
detritus (none). These results tend to support Mansueti's 
(1 962)4" and Huet's (1 965)446 contention that deposition 
of suspended matter may interfere with or prevent fish 
reproduction bv destruction of demersal eggs in upper 
estuarine areas 

Sewage Sludges 

Sewage sludges contain about 5 per cent solids which 
consist of about 55 per cent organic matter, 45 per cent 
aluminosilicates, and tend to contain concentiations of 
some heavy metals at least ten times-those of natural sedi- 
ments (Gross 1970) 

Sewage sludge has been dumped off New York Harbor 
TABLE IV-11-Estimated Polluted Dredge Spoils 

since 1924 in the same area. Studies by Pearce (197Ua,J0j 

Total spolls'(rn tons) Erhmlf8d percsnt of Total polluled rpoils 
b)468 show that the normal bottom populations in an area 

total ~ollutad s~oilsa . ( ~ n  tons) of about 10 square miles have been eliminated ancl that the 
benthic community has been altered over an area of approsi- 

Atlantic Coast.. . . . . . . . . . . . ... . . 1s,808.000 45 7;120,ooo mately 20 square miles. Even the nematodes, unusually 
Gulf Coast.:. . . . . . . . . . . . . . . . . . 15,300,000 31 4,740,000 
Pacinr Coast.. . . . . . . . . . . . . . . . . ~ , ~ z ~ , o o o  l 3  . 1.380.000 

tolerant to pollution, ark relatively scarce in the smaller 
Total.. .. . . . . . . . . . . . . . . . 38,428,000 34 13;250.000 area. In  areas adjacent to the sewage sludge disposal area 

the. sea clams have been found to be contaminated by 
- of pollulad dredge spoils considat chlorlne demand: BOO: COO: volatile 1011ds: oil and Ireasa; enteric bacteria and the hayest of these =lams In this area 

cot. dnr a1 ph~phorour. nitrogen, and Iron; nbca content; and color and odor of the spollr 
Council on Ennronmsntal owu$ iolw has been prohibited. The oxygen content of the water near 
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the bottom is very low, less than 10 per cent of saturation 
in August, the warmest time of year. Chemical analysis of 
the sludge deposits have shown not only high organic con- 
tent but also high concentrations of heavy metals and 
petrochemicals. In this area of the New York Bight, fin-rot 
disease of fish has been observed and is being investigated 
(Pearce 1970b).46Vn laboratory tests it has been shown 
that sludge deposits can cause necrosis of lobster (Homarrts 
atucrirnniis) and crab shells and tencl to clog their gills so 
that  survival of these species in contact with the sludge de- 
posits is ver!. brief. In  other laboratory esperiments, orga- 
nisms given a choice of substrate tend to avoid the sluclge 
material in favor of the walls of the container or other sur- 
faces that  were made available (Pearce 1970b) . 4 6 T l ~ e s e  
studies have indicated that the disposal of sewage sludge 
has had  disastrous ecological effects on the populations 
living on or near the bottom. . ' 

Man)- aspects associated with sludge dumping in the 
New York Bight require further investigation. I t  is not 
known, for esample, how much of the material being 
dumped there is accumulating and how much is being de- 
compo3ed. The  effects of heavy metals, of osygen-demand- 
ing materials, and of other components are imperfectly 
understood. \,L'hen the 'rate of delivery of organic waste 
materials to an  aquatic environment exceeds its capacity to 
recover, the rate of deterioration can be rapid. If, or when, 
sewage sludge disposal in this particular. area of the New 
York Bight is terminated studies could determine whether 
the bottom populatiolls can repopulate tll'e area. 

forms (1,300 MPN) were found in materials retrieved from 
the interior of the bales, indicating prolonged survival or 
growth of these nonmarine forms and suggesting a possible 
hazard of introduction of pathogens to the sea. The ecn 
logical effects of disposing of these materials are inadt 
quately known. 

Disposal of solid wastes, including dredging spoils and 
sewage sludge into the deep waters off the edge of the Conti- 
nental Shelf (more than 200 meters) has been frequently 
suggested as a way to protect the inshore biota. However, 
the rate of decomposition of organic material at the high 
pressure and low temperature of the deep sea is very much 
slower than it would be at the same low temperature at 
atmospheric pressure (Jannasch et al. 197 1).449 The orga- 
nisms in the deep sea have evolved in an estremely constant 
environment. They are, therefore, unaccustomed to the un- 
usual stresses which confront organisms in more variable 
situations typical of coastal waters. Biologists interested in 
studying the bottom populations of the deep sea are ex- 
tremely conceded about altering these populations before 
there is an opportunity to study them thoroughl!.. 

Industrial Wastes 

A wide variety of industrial waste is being dumped at 
sea. If this is discharged as a solution or slurry from a mov- 
ing ship or barge it will be diluted in the turbulent wake 
and by the normal turbulence of the sea (Ford and Ketchum 
1952).442 The recommendations for mising zones (p. 23 1 
and for the constituents of specific waste material inclui 

Solid Wdstes should be applied to each such operation. 

T h e  amount of household and commercial rubbish to be 
clisposed of in the United States is about 5 lbs per capita 
per day and is espected to increase to 7-% lbs per capita 
per day (for a larger population), by the end of the present 
decade. Proposals have been made to collect and bale 
waste for transportation to the sea where it would be 
duillpecl in waters 1000 meters cleep or more. I t  would be 
necessary that the bales be compacted to a density greater 
than sea water so that they would sink, and that no. loose 
floating ot>jects tvould be released from the bale. ~ m o n g  
the suggestions made is that the bales be wrapped in plastic 
to avoid any leaching from the contents. . 

Pearce (1971)46~epor t s  that bales of co~npacted garbage 
wrapped in plastic and reinforcecl paper disintegrated in a 
few weeks when placed in water 10 to 20 meters deep off 
the coast of X e w  Jersey. Compacted bales of refuse were 

One such operation' which has been extensively studied 
is the disposal of acid-iron wastes in the New York Bight 
(Redfield and WaIford 1 951,471 Ketchum et al. 1951,46L 
Vacarro et al. 1972,47s Wiebe et al. in press 1972uD). Even 
though this disposal has proceeded for over twenty years, 
no adverse effects on the marine biota have been demon- 
strated.,The acid is rapidly neutralized by sea water and the 
iron is precipitated as nontoxic ferric hydroside. This is a 
flocculant precipitate and the only accumulation above 
normal background levels in the sediments appears to be in 
the upper end of the Hudson Canyon, close to the specified 
dumping area. The so-called "acid grounds" have become 
a favored area among local blue fishermen. More toxic 
materials would clearly present an entirely different set of 
problems. This illustrates the need for a rational approach 
to problems of ocean dumping. 

also anchored at a depth of 200 meters 08 the Virgin Islands 
other Solid .Wastes 

Pearce (1  970c) These were retrieved and inspected after , . 

approximately three months of exposure. Little growth had Automobiles are sometimes dumped at sea, and some 
occurred on the surface of the bales, but some-polychaete work has been done on an esperimental basis in an effort 

. worms had penetrated the'bales to a depth of 2-3 cm., and to determine whether artificial reefs can be created from 
the material within the bale had decomposed to a limited them to improve sport fishing. There is evidence that the 
extent. Relatively high counts of total coliform bacteria number of fish caught over these artificial reefs is great-- 
(96,000 Most Probable Number, MPN) and of fecal coli- than over a flat level bottom, but it is not yet certain whe 



this represents an aggregation of fishes already in the area 
s r  an  actual increase in productivity. 

.n;sposal of building rubble (brick, stone, and mortar) 
a .is.not widely practiced. Presumably, this material 
.:ou,u form artificial reefs and attract populations of fish, 
both as a feeding ground.,and by providing some species 
with cover. Obviously, the bottom organisms present would 
be crushed or buried, but Pearce (1970a;465 b)466 found no 
permanent detrimental effects in the building rubbic dis- 
posal site off New York City. 

Suspended Particulate Materials 

In addition to specific waste disposal operations', sus- 
pended particulate material, seston, may be derived from 
other sources, and have a variety of biological effects. Par- 
ticulate material can originate from detritus carried by 
rivers, atmospheric fallout, biological activity, chemical re- 
actions, and resuspension from the bottom as a result of 
currents, storms, or dredging operations. The particles intro- 
duced by rivers can be rock, mineral fragments, and clay 
serving as a substrate for microorganisms or affecting light 
transmission in the water column. In addition, organic 
matter fragments, which make up 20 to 40 per cent of 
particles in coastal waters (Biggs 1970,42Wanheim et al. 
1970467) may comprise 50 per cent to 80 per cent of sus- 
pended material further offshore. Particle concentrations 
generally range from 1 to 30 mg/ 1 in coastal waters to about 
0 1 mg/l at the surface in the open ocean. Higher con- 
ceA..-dons occur near the bottom. 

The  estimated yearly sediment load from rivers to the 
world oceans is estimated at 20 to 36 X los tons with 80 per 
cent originating in Asia (Holeman 1968).445 Much of this 
load is trapped.in estuaries and held inshore by the general 
landward direction of subsurface coastal currents (Meade 
I 969).482 Gross (1970) suggests that 90 per cent or more 
of particles originating from rivers or discharged to the 
oceans settles out at  the discharge site or never leaves the 
coastal zone. 

.4verage seston values may more than double from natural 
causes during a tidal cycle. Biggs (1970)J28 observed 'con- 
centrations in the upper Chesapeake Bay ranging from less 
than 20 mg/l to greater than 100 mg/l during a. single day. 
Resuspension of bottom sediments by storm waves and cur- 
rents induced by wind were responsible for this range of 
concentrations. Masch and Espey (1967)480 found that the 
total suspended material concentrations in Galveston Baj., 
Texas, ranged from 72 mg/l in the surface water of the 
ship channel to over 150 g/ l  six inches above the bay bot- 
tom near dredging operations. Normal background concen- 
trations in Galveston Bay during times of strong wind action' 
were 200 to 400. mg/l. Background values observed by 
Mackin (1961)456 in Louisiana marshes ranged from 20 to 
2' g/1. Depending on the amount of overburden, opera- 
tl.- imes, and rate of discharges, Masch and Espey 

(1 967)460 recorded suspended fixed solids concentrations in 
dredge discharges ranging from 3,000 to 29,100 mg! 1. 

The basic relationships between physical and chemical 
aspects of suspended and deposited sediments and the re- 
sponses of estuarine and marine organisms are poorly under- 
stood (Sherk 197 1) .475 However, there is general agree- 
ment that particulate material in suspension or settling on 
the bottom can affect aquatic organisms both directly and 
indirectl~ , b\ mortaliry or decreased yield. 

Particles suspendcd in the water column can decrease 
l i ~ h t  penetration b!. aixorption and scattering and thus 
limit primary productivity. Resuspended sediments exert 
an oxygen demand on the order of eight times that of the 
same material in bottom deposits (Isaac 1965).44S Jitts 
(1 95!3)4h"found that 80 to 90 per cent of phosphate in solu- 
tion was absorbed by silt suspensions which might also 
modify the rate of primary production. However, eschange 
rates and capacity of sediment can maintain a favorable 
level of phosphate (1 micromole/l) for plant production 
(Pomeroy et al. 1965).4Ru Carritt and Goodgal (1954)431 
postulated a mechanism for phosphate removal, transport, 
and regeneration by the sediment-phosphate sorption com- 
plex at different temperatures, pH values, and salinities. 

Evidence tends to support the contention that nutrient 
fertilization and possible release of toxic materials can occur 
with resuspension of bottom material in the water column 
(Gross 1970).443 This may occur during dredging, disposal 
and dumping operations, reagitation during storms or 
floods and from beach erosion. In upper Chesapeake Bay 
total phosphate and nitrogen were observed to increase 
over ambient levels by factors of 50 to 1,000 near an over- 
board spoil disposal project, but no gross effects were ob- 
served in samples incubated with water from the spoil 
effluent (Flemer et al. 1967,441 Flemer 197044")). 

Oyster and clam eggs and larvae demonstrate a remark- 
able ability to tolerate the variable turbidities of the estu- 
arine environment at concentrations up to 4.0 g:'1 (Carriker 
1967,43"Davis and Hidu 196943b). Survival and yrowth of 
these egg and larval stages reported bv Davis 11960)437 
and Loosanoff (1962),4j2 however, indicated a significant 
effect on survival at suspended particle concentrations of as 
little as 125 mg/ 1. Earlier life stages of the oyster tend to be 
more sensitive to lower concentrations of suspended ma- 
terial than adults. However, the effects on survival and 
growth cannot wholly be attributed to particle sizes and 
concehtrations since different particle types may have 
markedly different effects at  similar concentrations. The 
adult American oyster (Crassostrea vtiplntca) appears to be a 
remarkably silt-tolerant organism when not directly smoth- 
ered by deposited sediments (Lunz 1 938,454 1 9424"5). Sig- 
nificantly, mortality of a d d t  oysters was not evident with 
suspended sediment concentrations as high as 700 mg/l 
(Mackin 1961),456 but there was a drastic reduction in 
pumping rates (57 per cent at  100 mg/l of silt) observed 
by Loosanoff and Tommers (1948)453 and Loosanoff 
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(1962482). Apparently adult oysters may pump at reduced 
rates throughout most of their lives when the background 
suspended parxiculate matter persists at values observed by 
Biggs (1970)428 and .Masch and Espey (1 9674sn). . 

Organisms that colonize hard surfaces must contend with 
a sediment mat of varying thickness. While motile fauna 
ma!? he able .to adjust to shortrange vertical bottom altera- 
tions from scour or deposition, ". . . . the  capacity and be- 
havior of less .motile estuarine 5enthos .in ,adjustment to 
relatively rapid fluctuations in the bottom level are little 
known. Fised epifauna, like oysters and barnacles, perish 
when covered by sediment, adjustment occurring only in- 
directly through later repopulation of thd area from else- 
where" .(Carriker 1 967) . 4 3 0  - 

T h e  highly variable nature of suspended loads (Biggs 
1970),428 the resuspension of bottom accumulations by cur- 
rents, tidal action and wind, and the feeding and filtering 
activities of benthic organisms complicate the determination 
of threshold values or limiting conditions for aquatic or- 
ganisms. Data are difficult to compare because of differences 
in methods and approaches. This may indicate a lack of. 
understanding of sedimenration and the difficult?; in dis- 
tinguishing between the effect of light attenuation by sus- 
pencled particles and the effects of these particles on growth 
and physiology of estuarine and marine organisms (Muni- 
cipality of Metropolitan Seattle 1965) .464 The observed 

. responses of organisms may not be due to turbidity or total 
suspended sediment concentration, but to the number of 
particles, their densities, sizes, shapes, tvpes, presence and 
types of organic matter and the sorptive properties of the 
particles. 

Physical alterations in estuaries and offshore dumping 
have had obvious effects on estuarine and marine biological 
resources. These effects have been given little consideration 
in project planning, however, and little information exists 
concerning the magnitude of biological change because few 
adequate studies have been attempted .(Sherk 1971).'"3 

. Areas of high biological value, such as nursery grounds or 
habitats for commercially important species, must be pro-. 
tected from sediment damage (Municipality of Metropoli- 
tan Seattle 1965).464 For esample, the esceptionally high 
value of the Upper Chesapeake as a low salinity fish nursery 
area has been demonstrated (Dove1 1970).439 Larvae and 

.eggs are particularly sensitive to environmental conditions, 
and sediment-producing activities in this type of area should 
be restricted to seasons or periods of least probable effects. 

Results reported from the study of this area, concerning 
seasonal patterns of biota, the nature of the sediments, and 
physical hydrography of the area, can be applied to the 
other areas being considered for dredging, disposal, and 
dumping. These data, in addition to careful pre-decision 
surveys or research conducted at  the site under considera- 
tion should provide a &guide to efforts to minimize damage 
and enhance desirable features of the system (Cronin 
1970).4s5 

Adequate knowledge of local conditions at sites selected 
for any sediment-producing activity is essential, however. 
This will generally require preproject surveys for each sit. - 
selected because knowledge of ecological impacts of the 
activities is limited. Data should be obtained on the 
". . . biological values of the areas involved, seasonal pat- 
terns of the biota, the nature of the sediments, physical 
hydrograph?; of the area, and the precise location of pro- 
ductive or potential shellfish beds,ifish nursery areas and 
other areas of exceptional importance to human uses. . ." 
which are close to or in the site selected (Cronin 1970). J35 

Appropriate laboratory esperiments are also required. 
These should have value in predicting effects of sedimenta- 
tion in advance of dredging operations. Eventually, the 
results of these esperiments ancl field observations should 
yield sets of environmental conditions ancl criteria, for ade- 
quate coastal zone management and competent guidance to 
preproject decision making (Sherk 1971 j.47L 

The presence of major benthic resources (e.g., oyster 
beds, clam beds) in or near the selected area should be 
cause for establishment of a safety zone or distance limit 
between them and the sediment-producing activity. This 
would control mortality caused by escessive deposition of 
suspended particulate material on the beds and prevent 
spread of spoil onto the beds from the disposal or dumping 
sites. Biggs (1970)429 found that the maximum slope of 
deposited spoil was 1 : 100 and the average slope was 1 : 500 
in the Upper Chesapeake. These slopes may prove useful ip 
estimating safety zone limits on relatively flat bottoms. 
times, the safety zone would have to be quite large. EbA 

example, the areas in New York Bight which are devoid of 
naturally occurring benthos in the sewage sludge and 
dredging spoil disposal areas were attributed to tosins, low' 
dissolved oxygen, and the spreading of the deposits (Pearce 
1970a).465 The presence or absence of bottom currents or 
density flo\Gs should be determined (Masch and Espey 
1967).46n If these are present, measures must be taken to 
prevent transport of deposits ashore or to areas of major 
benthic resources. 

Tolerable suspended sediment leveis or ranges should ac- 
commodate the most sensitive life stages of biologically im- 
portant species. The present state of knowledge dictates that 
the critical organism must be selected for each site where 
environmental modification is proposed. 

Recommendations 

The disposal of waste materials at sea, or the 
transport of materials for the purpose of disposal 
at sea should be controlled. Such disposal should 
be permitted only when reasonable evidence is pre- 
sented that the proposed disposal will not seriously 
damage the marine biota, interfere with fisheries 
operations or with other uses of the marine * 

vironment such as navigation and recreation, 
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:3use hazards to human health and welfare. The 
ioilowing guidelines are suggested : 

Disposal at  sea of potentially hazardous ma- 
terials such as highly radioactive material 
or agents of chemical or biological warfare 
should be avoided. 
Toxic wastes should not be discharged a t  sea 
in a way which would adversely affect the 
marine biota. The toxicity of such materials 
should be established by bioassay tests and 
the concentrations produced should conform 
to the conditions specified in the discussion 
of mixing zones (pp. 231-232). 
Disposal of materials containing settleable 
solids or substances that may precipitate out 
in quantities adversely affecting the biota 
should be avoided in estuarine or coastal 
waters. 
Solid waste disposal at sea should be avoided 
if floating material might accumulate in 
harbors or on the beaches or if such ma- 
terials might accumulate on the bottom or 
in the water column in a manner that will 
deleteriously affect deep sea biota. 

In connection with dredging operations or other 
phvsical modifications of harbors and estuaries 

which would increase the suspended sediment load, 
the following types of investigations should be 
undertaken : 

Evaluation of the range and types of parti- 
cles to be resuspended and transported, 
where they will settle, and what substratum 
changes or modifications may be created by 
the proposed activities i11 both the dredged 
and the disposal areas. 
Determination of the biological activity of 
the water column, the sediment-water inter- 
face, and the substrate material to depths 
which contain burrowing organisms. 
Estimation of the potential release into the 
water column of sediments, those substances 
originally dissolved or complexed in the 
interstitial water of the sediments, and the 
beneficial or detrimental chemicals sorbed 
or otherwise associated with particles which 
may be released wholly or partially after 
resuspension. 
Establish the expected relationship between 
properties of the suspended load and the 
permanent resident species of the area and 
their ability to repopulate the area, and the 
transitory species which use the area only at 
certain seasons of rhe year. 
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INTRODUCTION 

The biota of a natural aquatic ecosystem is the result of 
:volutionary processes in the course of which a delicate 
?dance and complex interactions were established among 
iarious kinds of organisms and between those organisms 
and their environment. Some species can live in a wide 
:ange of environmental conditions and are found in many 
Werent  systems throughout the world. Other species are 
.estricted and their distribution is limited to certain habitats 
7r in some cases to only one. Frequently, it is the latter 
poup of species that have been most useful to man. Minor 
:hanges in their environments, especially if such changes 
are rapid, may upset the ecological balance and endanger 
the species. 

Man  has the ability to alter-to impair or improve-his 
.n*-' yment and that of other organisms. His use of water 
o jse of wastes of a technological society and his! other 
:!cerations of aquatic environments have degraded his water 
-esources. Water pollutants may alter natural conditions 
~y reducing the dissolved oxygen content, by changing the 
temperature, or by direct toxic action that can be lethal or, 
lore subtly, can affect the behavior, reproduction, and 
ohysiology of the organisms. Although a substance may 
not directly affect a species, it may endanger its continued 
:xistence by eliminating essential sources of food and 
metabolites. Furthermore, conditions permitting the sur- 
tival of a given organism at  one stage of its life may be- 
ltolerable a t  another stage. 

This Section evaluates criteria and proposes recopmen- 
iations that reflect scientific understanding of the relation- 
;hips between freshwater aquatk organisms and their en- 

In recognition of the limitations of water quality 
management programs, consideration should be 
given to providing reserve capacity of receiving 
waters for future use. 
Bioassays and other appropriate tests, including field 
studies, should be made to obtain scientific evidence 
on the effect of wastewater discharges on the en- 
vironment. Test procedures are recommended in 
this report. 
A survey of the receiving system to assess the impact 
of waste discharges on the biological community 
should be made on a regular basis, particularly prior 
to new discharges. Such surveys especially should 
cover the seasons most critical to the biological com- 
munity. Background laboratory data should include 
bioassays using important local aquatic organisms 
and associated receiving waters. In addition to the 
more comprehensive surveys, some form of bio- 
monitoring in the receiving system should be carried 
out routinely. A suggested list of ecological consider- 
ations is included in the section on Biological 
Monitoring. 
One of the principal goals is to insure the mainte- 
nance of the biological community typical of that 
particular locale or, if a perturbed community exists, 
to upgrade the receiving system to a quality which 
will permit reestablishment of that community. 

COMMUNITY STRUCTURE AND PROTECTION OF 
SIGNIFICANT SPECIES 

rironment' added to Or removed from natural The natural environment includes many i;mds of 
waters will cause some change in the system. For each use 

plants and animals that vary in their life history and in 
f water there are certain water quality characteristics that 

their chemical and physical requirements. These organisms 
~hould be met to ensure the suitability of the water for 

are interrelated in many ways to form communities. Aquatic 
that use. 

environments are protected out of recreational and scientific 
The following general recommendations apply to a wide 

interest, for aesthetic enjoyment, and to maintain certain 
variety of receiving systems and pollutants: 

organisms of special significance as a source of food. There , 
More stringent methods af control or treatment, or are two schools of thought as to how this can be accom- 
both, of waste inputs and land drainage should be plished. One is to protect the significant species, the 9s- 
applied to improve water quality as the demand for sumption being that by so doing, the entire system is pro- ' 
use increases. tected. The other approach is to protect the aquatic corn- 

I 
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munity, the assumption being that the significant species or endangered species if their habitats are impaired or 
are not protected unless the entire system is maintained. eliminated. In the aquatic world there are many species 

of algae, fish, and invertebrates that are maintained only 
Community Structure in such rare, fragile habitats. Man must understand the 

Because chemical and physical environments are con- if he is to appreciate the process of evolution and L. 

tinually changing-sometimes gradually and sometimes trend of ecological change that brings about drastic alter- 
catastrophically-many species are necessary to keep the ations to fauna and flora. 
aquatic ecosystems functioning by filling habitats vacated 
because of the disappearance of other species. Likewise, 
when one kind of organism becomes extremely abundant 
because of the disappearance of one or more species, 
predator species must be available to feed on the over- 
abundant species and keep it from destroying the function- 
ing of the community. In a balanced ecosystem, large 
populations of a single species rarely maintain themselves 
over a long time because - .  predators .. quickly reduce their 
number. 

Therefore, the diverse characteristics of a habitat are 
necessary to the maintenance of a functioning ecosystem 
in the process of evolution. In the fossiI record are found 
many species that were more common at one time than 
they are today and others that have been replaced entirely. 
If it were not for diverse gene pools, such evolutionary 
replacement would not have been possible. 

Some aquatic environments present unusual extremes 
in their chemical and physical characteristics. They support 
highly specialized species that function as ecosystems in 
which energy flows and materials cycle. If these species 
are not present and functioning in this manner, such areas 
may become aesthetically distasteful, as has occurred for 
example in the alkaline flats of the West and the acid bogs 
of the Northeast, Midwest. and East. 

Rare habitats support rare organisms that become extinct 

Protection 'of Signiflcant Aquatic Species 

An essential objective of freshwater quality recommen- 
dations is the protection of fish and other aquatic organisms 
for sport or commercial harvesting. This does not imply 
that all other aquatic species will be subject to potential 
extinction, or that an unaltered environment is the goal to 
be attained in all cases. The average person is usually 
interested in only a small number of aquatic species, prin- 
cipally fish; but it remains necessary to preserve, in certain 
unique or rare areas, a diversified environment both for 
scientific study and for maintaining species variety. 

I t  is sometimes difficult to justify protection of isolated 
organisms not used by h a n  unless it can be documented 
that they are ultimately essential to the production of 
desirable biota. In some instances it may be that a critical, 
sensitive species, irreplaceable in the food web of another 
more important species, is one known only to the biologist. 
In such instances, protection of the "less important" sensi- 
tive species could justifiably determine the water quality 
recommendation. 

Because no single recommendation can protect all ' 

portant sport and commercial species unless the 1. 

sensitive is protected, a number of species must be con- 
sidered. The most sensitive species provide a good estimate 
of the range of sensitivity of all species. 



ASSlMllATlVE CAPACITY OF FRESHWATER RECElVlNG SYSTEMS 

Waste discharges do not just go into water but rather- 
into aquatic ecosystems. The capacity of such a system to 
receive and assimilate waste is determined by the physical, 
chemical, and biological interactions within the system. 
Thus the response is a function of the characteristics of 
both the ecosystem and the nature and quantity of the 
waste. Understanding the unique characteristics of each 
-cosystem will enable wise users to develop means to obtain 
maximum beneficial use with minimal damage to the system. 
Each aquatic ecosystem is sufficiently unique to require 
professional ecological advice to define the problems as- 
sociated with waste discharge into a .particular ecosystem. 
Such a procedure has not been customary in the past, and 
+h; -'..as led to some unfortunate consequences, hut the 

pl .e is becoming increasingly prevalent. 
Aquatic systems receive from natural and man-made 

sources a variety of organic and inorganic materials. These 
materials through physical, chemical, and biological inter- 
action are transported, rendered, converted, respired, in- 
zorporated, excreted, deposited and thus assimilated by the 
system. However, not all systems can receive and assimilate 
the same quantity or kinds of waste materials. The capacity 
of each system to transform waste without damage to the 
system is a function of the complexity of environmental 
factors. 

Physical factors such as flow velocity, vglume of water, 
bottom contour, rate of water exchange, currents, depth, 
light penetration, and temperature, govern in part the 
ability of a system to receive and assimilate waste mateiials. 

This ability is a function of the reaeration capability of the 
system, the physical rendering of wastes, and other physical, 
chemical, and biological factors. Most flowing systems have 
a greater reaeration capacity than standing waters. Fur- 
thermore, flowing systems are open systems with continual 
renewal of water, whereas standing waters are closed sys- 
tems and act as traps for pollutants. 

I 

Temperature plays a vital role in the rate of chemical 
reactions and the nature of biological activities in fresh- 
water and in governing the receiving and assimilative ca- 
pacity of a system. Most temperate lakes are thermally 
stratified part of the year, except when there are small 
differences between surface and bottom temperatures in 
the spring and fall. As a consequence little exchange occurs 
between layers during the period of stratification. I n  
organically enriched lakes and reservoirs, depletion of 
soluble oxygen typically occurs in the bottom layer because 
there is little or no photosynthesis and little mixing with the 
oxygen-rich surface layer. As a result, substances are re- 
leased from the sediments because certain compounds have 
a much greater solubility in a reduced state. 

The unique chemical characteristics of water govern in 
part the kinds and quantities of waste a-system may receive. 
Some of the important chemical characteristics are hard- 
ness, alkalinity, pH (associated with the buffering capacity), 
and nutrients such as carbon, nitrogen, and phosphorus. 
Because of synergistic or antagonistic interaction with re- 
ceiving water, the effects of a waste on a wide variety of 
receiving systems are hard to predict. 



MIXING ZONES 

When a liquid discharge is made to a receiving system, tential of an effluent. Prior to establishment of a mising 
a zone of mixing is created. Although recent public, ad- zone the factors described in Waste Capacity of Receiving 
ministrative, and scientific emphasis has focused on mixing Waters (Section IV, pp. 228-232) aiid Assimilative Capac: 
zones for the dispersion of heated discharges, liquid wastes ity (This Section, p. 11 1 )  should be considered and a de- 
of all types are included in the following considerations. cision made on whether the system can assimilate the dis- 
(For a further discussion of Mixing Zones see Appendix charge without damage to beneficial uses. Necessary data 
11-A,) bases may include : 

DEFINITION OF A MIXING ZONE 

A mixing zone is a region in which a discharge of quality 
characteristics different from those of the receiving water 
is in transit and progressively diluted from the source to the 
receiving system. In this region water quality characteristics 
necessary for the protection of aquatic life are based on 
time-exposure relationships of organisms. The boundary of 
a mixing zone is where the organism response is no longer 
time-dependent. At that boundary, receiving system water 
quality characteristics based on long-term exposure will 
protect aquatic life. 

Recommendation 

Although water quality characteristics in mixing 
zones may differ from those in receiving systems, 
to  protect uses in both regions it is recommended 
that mixing zones be free of substances attributable 
to discharges or wastes as follows : 

materials' which form objectionable deposits; 
scum, oil and floating debris; 
substances producing objectionable color, odor, 
taste, or turbidity; 
conditions which produce objectionable growth 
of nuisance plants and animals. 

GENERAL. PHYSICAL CONSIDE,RATIONS 

The mass emission rates of the most critical constituents 
and their relationship to the recommended values of the 
material in the receiving water body are normally the 
primary factors determining the system-degradation po- 

Discharge considerations-flow regime, volume, de- 
sign, location, rate of mising and dilution, plume 
behavior and mass-emission rates of const&ents 
including knowledge of their persistence, toxicity, 
and chemical or physical behavior with time. 
Receiving system considerations-water quality, lo- 
cal meteorology, flow regime (including low-fl, 
records), magnitude of water exchange at poini 
discharge, stratification phenomena, waste capacity 
of the receiving system including retention time, 
turbulence and speed of flow ,as factors affecting 

- - rate of mixing and passage of entrained or migrating 
organisms, and morphology of'the receiving system 
as related to plume behavior, and biological phe- 
nomena. 

Mathematical models based in part on the above con- 
siderations are available for a variety of ecosystems and 
discharges. (See Apperidis 11-A.) All such mathematical 
models must be applied with care to each particular dis- 
charge and the local situation. 

Recommendation 

To avoid potential biological damage or inter- 
ference with other uses of' the receiving system it 
is recommended that mixing zone characteristics 
be defined on a case-by-case basis after determi- 
nation that the assimilative capacity of the re- 
ceiving system can safely accommodate the dis- 
charge taking into consideration . the physical, 
chemical, and biological characteristics of the dis- 
charge and the receiving system, the life history 
and behavior of organisms in the.receiving syst, 
and desired' uses of the. waters. . . 
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GENERAL BIOLOGICAL CONSIDERATIONS Some free-swimming species 'may avoid mixing zones and 

Organisms in the water body may be divided into two 
p. .s from the standpoint of protection within mixing 
z, . (1) rionmobile benthic or sessile organisms; (2) weak 
and strong swimmers. 

1 .  Nonmobile benthic or sessile organisms in mixing 
zones may experience long. or intermittent exposures ex- 
ceeding recommended values for receiving systems and 

as a consequence the reduced living space may limit the 
population. 

Free-swimming species may be attracted to a discharge. 
Chronic low-level exposure to toxicants may cause death 
or affect growth, reproduction or migratory instincts, or 
result in excessive body-burdens of toxicants hazardous for 
human consumption. 

therefore their populations may he damaged or eliminated Recommendation 
in the local, region. hllinimum damage ro these organisms 
is attained by minimizing exposure of the bottom area to 
concentrations exceeding levels resulting in harm to these 
orsanisms .from long-term exposure. This may be accom- 
plished by discharge location and desip.  

The mixing zone may represent a living space denied the 
subject organisms. and .this space may .or may not be of 
significance to the biological 'community of the receiving 
system. When planning mixing zones, a decision should be 

To protect drifting and both weak and strong 
swimming organisms in mixing zones it is recom- 
mended that scientifically valid data be developed 
to demonstrate that the .organisms can survive 
without irreversible damage, the integrated time- 
exposure history to be based on maximum expected 
residence time so.that deleterious effects on popu- 
1ations.of important spe'cies do not occur. 

, . 
made 'in each' case whether the nonmobile benthic and 

MEETING THE RECOMMENDATIONS sessile organisms are to be protected. I , . 

In  mixing zones the exposure of organisms to stress is of Recommendation 
greater intensity but usually of shorter duration than in 

To protect populations of nonmobile benthic the receiving waters, assuming no attraction by the dis- 
and sessile organisms in mixing ZOrles it is recom- charge. The objective of mixing zone water recom- 
mended that the area of their habitat exposed to mendations is to provide time exposure histories which 
water quality Poorer than recommended receiving produce negligible or no effects on populations of critical 
system quality be minimized by discharge location species in the receiving system. This objective can be met, 
ar A design or that intermittent time-ex~osure by: (a) determination of the pattern of exposure in terms 
h .y relationships be &?fined for the organisms' of time and concentration in the mixing zone due either to 
well-being. activities of the organisms, discharge schedule, or currents 

2, Bioloacal considerations to protect planktonic and affecting dispersion; and (b) determination that delayed 

swimming organisms are related to the time exposure history effects do 

to which critical organisms are subjected as they are carried Protection would be achieved if the time of exposure met 

or move through a zone. l-he integrated time the relationship T:ET(x)<l where T is the time of the 

exposure history must not cause deleterious effects, including in the mixing a 

post-exposure effects. In populations of important species, concentration, and ET(x) is the effective time of exposure 
effects of total time exposure must not be deleterious either to the specified concentration. C, which produces per Cent 

during or after exposure. response in a sample of the organisms, including delayed 

weak swimmers and drifting organisms may be entrained effects after extended observation. The per cent response, 

into discharge and carried through a mixing zone. (x), is selected on the basis of what is considered negligible 

In determining the time exposure history and responses of effects On the population and is then 

the organisms, the possibility of delayed effects, such as ET(25), ET(5), ET(O.I), etc. 

death, disease, and ,increased vulnerability to predation, Because concentrations vary within mixing zones, a more 

should be investigated. suitable quantitative statement than the simple relationship 

Strong swimmers are capable of moving, out of, staying T i E T ( x ) s l  

out of, or remaining in a mixing zone. Water quality TI l-1 T3 
characteristics which protect drifting organisms should also . . . 

ET(x) at Q+ET(x) at c?+ET(~)  at Cs 
protect migrating fish moving through mixing zones. How- - 
ever, there are some discharges that attract animals into 
discharge channels and mixing zones where they are vul- Tn < 1  
nerable to death or shock due to short-term changes in 

+ E T ( ~ )  at Cn 

water quality, such as rapid temperature fluctuations. This where the time of exposure of an organism passing through 
VT ' -ability should be rkcognized and occurrences that the mixing.zone has been broken into increments, TI, T?, Ts 
e. . it should be guarded against (see Chlorine, page 189). etc. The organism is considered to be exposed to concen- 

I 

I 

I 
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tration C during the time interval TI, to concentration C2 both plumes (or more than two contiguous or 
during the time interval T2, etc. The sum of the individual overlapping plumes) is 5 1. (See caveat above, Short 
ratios must then not exceed unity. (See caveat below, Time Exposure Safety Factors.) 
Short Time Exposure Safety Factors.) 

Techniques for securing the above information, appli- INTERIM GUIDELINE 
cation to a hypothetical field situation, comments, caveats, 

In  .the event information on summation, effects of the and limitations are expressed in Appendix 11-A, Mixing . .. 

Zones, Development of Integrated Time Exposure Data, integrated time exposure history cannot be satisfactorily 

p. 403. T~~~~~~ data and formulae for of short- provided, a conservative single figure concenkation can be 

term effects of heated discharges on aquatic life are provided LSed for Parts of the mixing 'One more 

in *he H ~ ~ ~ .  and T~~~~~~ ture discussion, page 5 1 . determinations of the time-exposure relationships are de- 
veloped. This single, time-dependent median lethal concen- 

This concept of summation of short-term effects and 
extrapolation is an approach which tests the applicability 
of present bioassay methodology and precision and may 
not be universally applicable to all types of discharges. 
Conservatism in application should be practiced. When 
developing the summation of short-term thermal effects 
data, a safety factor of two degrees centigrade is incorpo- 
rated. In  development of summation of short-term toxicity 
effects data, a safety factor exists if a conservative physio- 
logical or behavioral response is used with effective time of 
exposure. However, when mortality is the response plotted, 
an application factor must be incorporated to provide an 
adequate margin of safety. This factor can most easily be 
applied by lowering the sum of the additive effects to some 
fraction of 1 so that the sum of T*/(ET(x) at Cl ) - . .+  
T,/(ET(x) at C,) then equals 0.9, or less. The value must 
be based on scientific knowledge of the organism's behavior 
and response to the contaminants involved. 

Recommendation 

When developing summation of short-term ex- 
posure effects it is recommended that safety 
factors, application factors, or conservative physio- 
logical or behavioral responses be incorporated 
into the bioassay or extrapolation procedures to 
provide an adequate margin of safety. 

OVERLAPPING MIXING ZONES .. : 

If mixing zones are contiguous .or overlap, the formula 
expressing the integrated time exposure history for single 
plumes should be adjusted. Synergistic effects should be 
investigated, and if not found, the assumption may be made 
that effects of multiple plumes are additive. 

Recommendation 

When two plumes are contiguous or overlap and 
synergistic effects do not occur, protection for 
aquatic life should be provided if the sum of the 
fractions of integrated time exposure effects for 

. each plume total 50.5. Alternatively, protection 
should be provided if the sum .of the fractions for 

tration should be subject ro rhe caveats found throughout 
this Section and Appendis 11-A regarding delayed effects 
and behavioral modifications. Because of the variables in- 
volved, the single value must be applied in the light of 
local conditions. For one situation a 24-hour LC50 might 
be adequate to protect aquatic life. In another situation a 
96-hour LC50 might provide inadequate protection. 

CONFIGURATION AND LOCATION OF MIXING ZONES 

The time-dependent three dimensional shape of a dis- 
charge plume varies with a multitude of receiving system 
physical factors and the discharge design. While time ex- 
posure water quality characteristics within mixing zones 
are designed to protect aquatic life, thoughtful placement 
of the discharge and planned control of plume behavior 
may increase the level of ecosystem protection, e.g., floativm 
the plume on the surface to protect the deep water c 
channel; discharging in midstream or offshore to pro te~i  
biologically-important littoral areas; piping the effluent 
across a river to discharge on the far side because fish 
historically migrate on the near side; or piping the dis- 
charge awayjrom a stream mouth which is used by mi- 
grating species. Such engineering modifications can some- 
times accomplish what is necessary to meet hioiogical 
requirements. 

Onshore discharges generally have more potential for 
interference with other uses than offshore discharges. For 
example the plume is more liable to impinge on the bottom 
in shallow areas of biological productivity and be closer to 
swimming and recreation areas. 

PROPORTIONAL RELATIONSHIP OF MIXING ZONES 
TO RECEIVING SYSTEMS 

Recommendations for mixing zones do not protect against 
thc long-term biological effects of suhlethal conditions. 
Thus water quality requirements necessary to protect all 
life stages and necessary functions of aquatic organisms 
such as spawning and larval development, are not provided 
in mixing zones, and it is essential to insure that adequate 
portions of every water body are free of mixing zones. The 
decision as to what portion and areas must he retained * 

receiving water quality values is both a social and sciel 
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decision. In reaching this decision, data input should in- 
d u d e  ,current and projected information on types and 
lot-Gons .of intakes and discharges; percentage of shoreline 
n* ~ r y  to provide adequate spawning, nursery, and 
Pealng areas; and other desired uses of the water. 

Recommendation 

I t  is recommended that the total area or volume 
of a receiving system assigned to mixing zones be 
limited to that which will: (1) not interfere with 
'~iological communities or populations of impor- 
tant species to a degree which is damaging to the 
ecosystem; (2) not diminish other beneficial uses 
disproportionately. 

ZONES OF PASSAGE. 

In  river systems, reservoirs, lakes, estuaries, and coastal 
waters, zones of passage are continuous water routes of 
such volume, area, and quality as to allow passage of free- 
swimming and drifting organisms so that no significant 
effects are produced on their populations. 

Transport of a variety of organisms in river water and 
by tidal movements in estuaries is biologically important 
in a number of ways; e.g., food is carried to the sessile 
filter feeders and other nonmobile orgstnisms; spatial distri- 
bution of organisms and reinforcement of depauperate 
populations is enhanced; embryos and larvae of some fish 
sp- '-s develop while drifting. Anadromous and lcata- 
d us species must be able to reach suitable spawning 
areas. Their young (and in some cases the adults) must be 
assured a return route to their growing and living areas. 
Many species make migrations for spawning and other 
purposes. Barriers or blocks which prevent or interfere with 
these types of essential transport and movement can be 
created by water of inadequate chemical or physical quality. 

Water quality in the zone of passage should be such that 
biological responses to the water quality characteristics of 
the mixing zone are no longer time-dependent (see Defini- 
tion of Mixing Zone on page 1 12). However, where a zone of 
passage is to be provided, bioassays determining time- 
exposure responses in the mixing zone should include addi- 
tional requirements to assess organism behavior. In the 
mixing zone discussion above it is assumed that entrainment 
in rhe plume will be involuntary. However, if there is at- , 
traction due to plume composition, exposure in the plume 
could be very much longer than would be predicted by 
physical modeling. If avoidance reactions occur, migration 
may be thwarted. Thus, concentrations in both the mixing 
zone and the zone of passage should be reduced before dis- 
charge to levels below those at which such behavioral 
modifications affect the populations of the subject organisms. 

Modern techniques of waste water injection such as 
diffusers and high velocity jets may form barriers to free 
passage due to responses of organisms to currents. Turbu- 
lence of flows opposing stream direction may create traps 
for those organisms which migrate'upstream by orientation 
to opposing currents. These organisms may remain in the 
mixing zone in response to currents created by the discharge. 

. . Recommendation 

Because of varying local physical and chemical 
conditions and biological phenomena, no single- 
va,lue recommendation can be made on the per- 
centage of river width necessary to allow passage of 
critical' free-swimming and .drifting organisms so 
that negligible or no effects are produced on their 
populations. As a guideline no more than the 
width of a water-body should be devoted to mixing 
zones thus leaving a t  least M free as a. zone of 
passage. 



BIOLOGICAL MONITORING 

Monitoring of aquatic environments has traditionally in- 
cluded obtaining physical and chemical data that are used 
to evaluate the effects of pollutants on living organisms. 
Biological monitoring has received less emphasis than 
chemical or physical monitoring, because biological assess- 
ments were once nqt as readily amenable to numerical 
expression and tended to be more time consuming and 
more expensive. This is no longer true. Aquatic organisms 
can serve as natural monitors of environmental quality and 
should he included in programs designed to provide con- 
tinuous records of water quality, because they integrate 
all of the stresses placed on an aquatic system and reflect 
the combined effect. Chemical-physical assessments identify 
individual components, so the two types of assessments are 
mutually supporting rather than mutually exclusive. 

A biological monitoring program is essential in de- 
termining the synergistic or antagonistic interactions of 
components of waste discharges and the resulting effects on 
living organisms. However, biological monitoring does not 
replace chemical and physical monitoring; each program 

' 

provides information supplemental to the others. 

PROGRAMS 

especially oysters suspended in trays, have been described 
as an effective method of monitoring pollution (Galtsoff 
et al. 1947). Field surveys should be carried out at suitable 
intervals depending on local conditions. For example, in 
determining the impact of a new or relocated municipal 
or industrial discharge, it is desirable to perform the 
following functions : 

survey the stream as a part of the site selection pro- 
cedure : 
continue the field survey prior to construction to 
determine esisting water quality: at this time it is 
also useful to make bioassays using simulated plant 
wastes and representative organisms from the re- 
ceiving systems, and to establish biomonitorir. 
stations; 
monitor the effects of construction; 
carry out bioassays using actual plant wastes and 
effluents after the plant is in operation, and make 
field surveys to determine any changes from pre- 
construction results. 

BODY BURDENS OF TOXICANTS 

Body burdens of toxicants that can be concentrated by 
An ideal biological monitoring program has four com- biota should be measured regularly. These data can provide 

ponents: ( I j.field surveys, (2) in-plant biological monitoring, early warning before concentrations in water become readily 
(3) bioassays, and (4) simulation techniques. Obviously no available and can provide warnings of incipient effects in 
biological monitoring program is routine, nor does it neces- the biota being monitored. 
sarily have to include all of the above components. However, 
each of the components provides valuable and useful IN-PLANT BIOLOGICAL MONITORING 
information. 

FIELD SURVEYS 

Field surveys are needed to obtain adequate data on 
biological, chemical, and physical water quality to de- 
termine the nature of the system and the possible adverse 
effects of waste discharges on beneficial uses of the system. 
Two methods for continuously monitoring the effects of 
pollution on a receiving water have been described. Patrick 
et. al. ( 1954)&* described the use of diatoms as natural moni- 
tors of various types of pollution. Various species of shellfish, 

Present information systems do not provide data rapidly 
enough to he of use in environmental management, because 
the constituents cif a waste stream are likely to vary, fiom 
hour to hour and from day to day. Potentially harmful 
materials should be detected before they enter the receiving 
water and before substantial damage has been done to the 
ecosystem. 

* Citations arc listed at the end of the Section. They can be locatr-l' 
alphabetically within subtopics or by their superior numbers w! 
run consecutively across subtopics for the entire Section. 



Several potentially useful methods for rapid inLplant 
rnr~nitoring are being explored (Sparks et al. 1969,' Waller 
awl Cairns 196g8), and one rapid in-stream method is now 
c :ional (Cairns et al. 1 968,2 Cairns and Dickson 1971 '): 
7 i,,*e in-plant methods use changes in heart rate, jrespi- 
ratior., m d  movements of fish within a container to detect 
sublethal concentrations of toxicants in a waste discharge. 
continual information on .toxicity of a waste .should ,enable 
sanitary engineers to identify those periods likely to produce 
the most tosic wastes and to identify those components of 
the p~.oduction process that contribute significantly to 
toxicity. This could be accomplished with bioassays as 
they are cyrently used, but rarely are enough samples 
taken over a period of time sufficient to give the range.of 
information that would be available with continually oper-- 
ating bioassay techniques. . , 

Of equal importance to the river surveys and the in-plant 
and in-stream monitoring systems is the availability of 
toxicity information based on a predictive bioassay. The 
bioassay provides valuable information pertaining to the 
effects of potential or contemplated discharges on aquatic 
life. Acute bioassays are useful as a shortcut or predictive 
method of estimating safe concentrations by use of suitable 
application factors for many pollutants, as recommended 
throughout this Report. 

"qwever, determining only the acute lethal toxicity of 

wastes is no longer adequate. Good health and an ability 
to function vigorously are as important for aquatic eco- 
systems as they are for humans. The former end point of 
bioassays, viz., death, has been supplanted by more subtle 
end points such as the protection of respiration, growth, 
reproductive success, and a variety of other functional 
changes (Cairns 1967\.' Acute toxicity determinations are 
being supplemented 1))- long-term tests often involving an 
entire life cycle. Tl-re larter require more time and expense 
than short-term tests, but they provide better predicrivt 
information about biologically safe concentrations of various 
toxicants. Bioassavs of organisms other than fish are be- 
coming increasingly common because of the realization 
that elimination of the lower organisms can also have serious 
consequences. 

SIMULATION TECHNIQUES. 

The fourth component now available to provide ecological 
information is the use of scale models. Models are used to 
study major ecological or environmental problems by simu- 
lating prospective new uses. Engineering scale models are 
common, but ecological scale models or environmental 
simulation systems are not yet as commonly used. Experi- 
mental streams and reservdirs have been constructed to 
predict toxicity of waste discharges, determine factors re- 
sponsible for productivity of aquatic communities, and 
answer questions about plant site location (Haydu 1968," 
Warren and Davis 1 97 1 @) . 



BIOASSAY S 

Bioassays are used to evaluate a given pollutant in terms ..- , "- -.. - -  *"- . 
of existing water quality. Most pollution problems involve 
discharges of unknown and variable composition where 
more than one toxicant or stress is present. In  evaluating 
criteria for specific toxicants, consideration must be given 
to other environmental influences such as dissolved oxygen, 
temperature, and pH. 

Harmful effects of pollutants can be described by one or 
more of the following terms: 

acute-involves a stimulus severe enough to bring 
about a response speedily, usually within four days 
for fish. 

subacute-involves a stimulus less severe than an 
acute stimulus, producing a response in a longer 
time; may become chronic. 

chronic-involves a lingering or continuous stimu- 
lus; often signifying periods of about one-tenth of 
the life span or more. 

- lethal-causes death by direct adtion. 
sublethal-insufficient to cause death. 
cumulative-brought about, or increased in strength, 

by successive additions. 

Two,/broad categories of effect (Alderdice 1967)1° may 
be distinguished : acute toxicity which is usually lethal, and 
chronic toxicity which may be lethal or sublethal. 

concentration should be reported if it is demonstrated, 
because it is better for comparative purposes than the 
arbitrary 96-hour LC50. Absence of any apparent threshold 
is equally noteworthy. 

The median lethal concentration is a convenient reference 
point for expressing the acute lethal toxicity of a given 
toxicant to the average or typical test animal. Obviously it 
is in no way a safe concentration, although occasionally 
the two have been confused. Safe levels, which permit 

.reproduction, growth, and all other normal life-processes 
in the fish's natural habitat, usually are much lower than 
the LC50. In this book, the recommended criteria are 
intended to be safe levels. 

Substantial data on long-term effects and safe levels ar- 
available for only a few toxicants. Information is now , 
cumulating on the effect of toxicants on reproduction, an 
important aspect of all long-term toxicity tests. Other infor- 
mation is being gathered on sublethal effects on growth, 
performance, avoidance reactions, and social behavior of 
fish. Also important is the sensitivity of orgariisms at  various 
life stages. Many organisms are most sensitive in the larval, 
nymphal, molting, or fky stage; some are most sensitive in 
the egg and sperm stage. 

I t  would be desirable if a single, universal, rapid, bio- 
logical test could be used to measure directly sublethal 
effects of a pollutant. Data on sublethal responses of fish 
have been used, such as respiratory rates and "coughing," 

MEASURES OF TOXICITY 

Most of the available toxicity data are reported as the 
median tolerance limit (TLm or TL50) or median lethal 
concentration (LC50). Either symbol signifies the concen- 
tration that kills 50 per cent of the test organisms within a 
specified time span, usually in 96 hours. The customary 
96-hour (four-day) time period is recommended as adequate 
for most routine tests of acute toxicity with fish. A threshold 
of acute toxicity will have been attained within this time 
in the majority of cases (Sprague 1969).43 This lethal threshold 
concmtrafidn is usually noticeable in the data. ~ o m e t h e s  
mortality continues, and tests of a week or longer would be 
necessary to determine the threshold. The lethal threshold 

s w w i s g  speed, avoidance behavior, and specific physio- 
logical and biochemical changes in various organisms; and 
hitological studies have been made. A review of these 
(Sprague 1971)45 shows that no single test is meariingful for 
all kinds of pollutants. Therefore, it. is recommended that 
routine assessment and prediction of safe levels be made by 
carrying out bioassay6 for acute lethal toxicity and multiply- 
ing the lethal concentration by a suitable application factor. 
The application factors used and recommended here have 
been derived principally from chronic or sublethal labora- 
tory experiments or from well documented field studies of 
polluted situations. 

Acceptable concentrations of toxicants to which organ: 
are exposed continually must be lower than the kg,-.- 



concentrations that may be reached occasionally but briefly 
without causing damage. Both maximum short-time !con- 
cr :ions and the more restrictive range of safe concen- 
tr, -1s for continuous exposure are useful. The recommen- 
dations in this Report are those considered safe for con- 
tinuous exposure, although in some cases there has also 
been an indication of permissible higher levels for short 
periods. 

In  field situations and indusrrial operations, average 
24-hour concentrations can be determined by obtaining 
composite or continuous samples. After 24 hours, the 
sample may be mixed and analyzed. The concentration 
found will represent the average concentration. Samples 
obtained this way are more reproducible and easier to 
secure than the instantaneous sample of maximum concen- 
trations. However, average concentrations are of littl'e sig- 
nificance if fish are killed by a sharp peak of concentration, 
and for that reason maximum concen~ations^must also 
be considered. 

METHODS FOR BIOASSAYS 

.Although there are many types of assays, two are ,in 
general use: 

1. the static bioassay in which the organisms are held 
in a. tank containing the test solution, and 

,.. ' ,the continuous flow or flow-through bioassay in 
wi.-,rl the test solution is renewed. continually. 

The  difference between the two types is not always great, 
but one can have clear advantages over the other. 

An outline of methods for routine bioassays has been 
given in "Standard Methods for the Examination of Water 
and Wastewater" (American Public Health Association, 
American Water Works Association, Water Pollution Con- 
trol Federation, 197 1 ," hereafter referred to as Standard 
Methods 1971 " 8 ) .  Cope (1 961)21 described. bioassay re- 
porting,. and Cairns (1969)20 presented a rating . system 
for evaluating the quality of the tests. sirague (1969,48 
1970," 197145) reviewed research to develop more :incisive 
testing methods. Their findings are utilized in this Report. 

Procedure for acute bioassay with'fish is now relatively 
standardized and usually incorporates: 

a series of replicate test containers, each with a 
different but constant concentration of the toxicant; 
a group of similar fish, usually 10, in each co'ntainei; 
observations.of fish mortality during exposures that 
last between one .day and one week, usually four 
days; and 
final re$Glts expressed as LC50. 

ier factors that are required for good bioassay practice 
arc ~riefly summarized in the' references mentioned above. 

CHECKLIST FOR PROCEDURES 

Species 

A selected strain of fish or other aquatic organisms of . 

local importance should be used in bioassays conciucted 
for the purpose of pollution monitoring. Preferably it 
should be a game or pan fish, which are usually amonq the 
more sensitive. Ability to duplicate experiments is enhanced 
by the usc of a selected strain of test organisms (Lcnnon 
1967).51 A selected strain can also help to determine the 
difference between toxicants more reliably, and to dc?ect 
discrepancies in results due to apparatus. A National Re- 
search Council subcommittee chaired by Dr. S. F. Snieszko 
is currently preparing a report, Standards and gtiidelines j a r  
the breeding, care, and management of laboratory animals-Fish, 
which will be useful in this area. Susceptibility to toxicants 
among different species of fish is generally less than might 
be expected-sometimes no greater than when a single 
species is tested in different types of water. For example, 
trout and certain coarse fishes were equally resistant to 
ammonia when tests continued for several days to give the 
less sensj tive species time to react (Ball 1967a) ;I3 and even 
for zinc, the coarse fishes were no more than 3.8 times as 
resistant !as trout (Ball 1967b).14 Recommendations for the 
selected test fish will often provide protection to other' 
aquatic animals and plants. There are exceptions to this 
generalization: for example, copper is quite damaging to 
algae and mollusks, and insecticides are especially dangerous 
to aquatic arthropods. Sufficient data exist to predict these 
situations. When they are lexpected, bioassays should be 
run with two kinds of invertebrates and two kinds of algae 
(Patrick et al. 1968).'" 

In the case of important bodies of water, there is good 
reason to test several kinds of aquatic organisms in addition 
to fish. Patrick et al. (1968)." made a comparative study of 
the effects of 20 pollutants on fish, snails, and diatoms and 
found that no single kind of organism was most sensitive 
in all situations. The short-term bioassay method for fish 
may also be used for many of the larger invertebrate ani- 
mals. A greater volun~e of test water and rate of flow, or 
both, may be required in relation to weight of the animals 
since their metabolic rate is higher on a weight basis. 

Larvae of mollusks or crustaceans can be good test ani- 
mals. The crustacean Daphnia is a good test animal and was 
widely used in comparative studies of toxicants by Ander- 
son (1950).12 Recently Biesinger and Christensen (unpub- 
lzshed data, 1971)&? have carried out tests on the chronic 
effects of toxicants on growth, survival, and reproduction 
of Daphnia magna. Because of the rapid life cycle of Daphnta, 
experiments on chronic toxicity can be completed in about 
the same time as an acute ~oxicity teit with fish. 

Patrick et al. (1968)41 have shown that diatoms, snails 
and fish exposed for roughly comparable periods of time 
and in similar environmental conditions very often have 
similar LC50's, but at other times these may differ greatly. 
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However, for some toxicants diatoms were most sensitive; or increased proportionally in volume for the number of 
for others, fish; and for others, snails. When one is comparing days of the test. In continuous flow tests, the flow must. 
data of this type, one questions whether a LC50 for a diatom provide at least two or three liters of water per gram of fish 
population in which a nuniber of divisions have occurred per day, and it must equal test-volume in five hours c 
during the test period is comparable to that obtained for less, giving 90 per cent replacement in half a day or less. 
fish and snails in which no reproduction has occurred during 
the test period. In the sense that there are 50 per cent fewer Acclimation 
cells in the LC50 concentration than there are in the diatom 
control culture, the test is somewhat equivalent to a test 
of acute toxicity that'results in 50 per cent fewer surviving 
fish in the LC50 than in the control container. Also loss of 
al~ility to grow and divide might be just as fatal to a micro- 
bial population as death of a substantial number of its 
memt~ers would be to a fish population. 

When the absolute time for the test is considered, there 
are also reasons for believing that esposure of diatoms to a 
toxicant through several generations might not constitute 
a chronic test, because it is quite possible that for toxicants 
to accumulate in a cell may require a period of exposure 
much more lengthy than that encpmpassed in the average 
test which only spans a few generations., This would be, 
.particularly true when the organisms were dividing rapidly 
and the additional protoplasm diluted the .material being 
accumulated. 

Dilution Water 

Toxicants should be tested in the water that will receive 
the pollutant in question. In this way all modifying factors 
and cornbined toxicities will be present. I t  is not advisable 
to use tap water for dilution, because it may contain chlorine 
and other harmful materials such as copper, zinc, or lead 
from plumbing systems. Routine dechlorination does not 
insure complete removal of chlorine. 

Variations in physical and chemical characteristics of 
water affect toxicity of pollutants. Effects of five environ- 
mental entities on the lethal threshold of ammonia were 
illustrated a decade ago (Lloyd 196 1 b) .34 Hardness of water 
is particularly important in toxicity of metals. Hydrogen 
ion concentration is an  important modifying factor for 
ammonia and cyanide. Higher temperatures sometimes 
increase toxicity of a pollutant, but recent work shows that 
phenol, hydrogen cyanide, ammonia, and zinc may be 
more toxic at  low temperatures (United Kingdom Ministry 
of Technology 1969). Dissolved oxygen levels that are 
below saturation will increase toxicity, and this is predictable 
(Lloyd 1961a;33 Brown 1968).16 

The supply of dilution water must be adequate to main- 
tain constant test conditions. In both static and continuous 
flow tests, a sufficiently large volume of test water must be 
used, and it must be replaced or replenished frequently. 
This is to provide oxygen for the organism and dilution of 
metabolic wastes, to limit changes in temperature and pH, 
and to compensate for degradation, volatilization, intake, 
and sorption of the toxicant. In static tests, there should be 
two or three liters of water per gram of fish, changed daily, 

Acclimatizing the test organism to the specific water 
before the bioassay begins may have marked effect upon 
the outcome. Abrupt changes in quality of the water should 
be avoided. Time 'for acclimation of the organisms to the 
conditions of the diluent water should be as generous as 
possible, dependent on life span. At least two weeks is 
recommended for fish. 

Test Methods 

Test methods must be adequately described when the 
results are @<en. Several bioassay procedures are listed in 
Table 111-1. Adequate and appropriate control tests must 
always be run (Sprague 1969).4a Survival of the control 
organisms is a minimum indication of the quality of the 
test organisms. In addition, levels of survival and health 
in holding tanks should be indicated and the conclusions 
recorded. 

TABLE III-1-Recommended Literature Sources for Bioasso.. 
and Biomonitoring Procedures with Various Aquatic , 

Organisms 
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Dissolved Oxygen 

The problem of maintaining dissolved oxygen concen- 
T 1s suitable for aquatic life in the test water can be 
dl ~ t .  The suggestions on test volume and replacement 
times (see Dilution Water above) should provide for ade- 
quate oxygen in most Cases. However, with some pollutants, 
insufficient oxygen may be present in the test water because 
.I biochemical and a chemical oxygen demand (BOD and 
COD) may consume much of the available dissol\~ed oxygen. 
-4eration or oxygenation may degrade or remove the test 
material. Devices for maintaining satisfactory dissolved 
oxygen in static tests have been proposed and used with some 
d e ~ e e  of effectiveness, and are described in Doudoroff 
et al. (1951).= 

Concentrations : 

Periodic measurements of concentration of the toxicant 
should be made at  least at  the bewning  and end of the 
bioassay. If this is not possible, introduced concentrations 
may be stated alone, but it should be realized that actyal 
concentrations in the water may become reduced. 

In  the flow-through type of bioassay, a large quantity of 
test water can be made up and used gradually. More often 
a device is used to add toxicant to a flow of water, and the 
mixture is discharged into the test container, using apparatus 
such as "dipping bird" dosers described by Brungs and 
Mount (1967).lg Other devices have been developed by 
St+ (1967),47 and Mount and Warner (1965),38 using 
tl ser technique. 

Evaluation of Results 

Mortality rates at  the longest exposure time should be 
plotted on a vertical probit scale against concentrations of 
toxicants on a horizontal logarithmic scale. The concen- 
tration which causes 50 per cent mortality can be read and 
used as LC50. Errors in LC50 can be estimated using the 

APPLICATION FACTORS 

simple nomograph procedures described by Litchfield and 
Wilcoxon (1949):s2 A more refined estimate of error may 
be made using the methods of Finney (1952),25 which can 
be programmed for a computer. 

The value of the results would be improved if the LC50's 
were estimated (by the above procedures) at frequent 
exposure 'times such as 1, 2, 4, 8* 1, 1 4 f  2, 24, 48, 72, 
and 96 hours. A toxicity curve of time versus LC50 could 
then be constructed on logarithmic axes. The lethal thresh- 
old concentration could then be estimated in many cases 
(S~rague  1969)4s to provide a more valid single number 
for description of acute toxicity than the arbitrary 96-hour 
LC50. 

For some purposes, such as basic research or situations 
where short exposures are of particular concern, it would 
be desirable to follow and plot separately the mortality of 
the group of fish in each tank. In this way, the median 
lr time can be estimated for' a given concentration. 
h... ~ d s  for doing this are given in Appendix 11-A. 

Short-term or acute toxicity tests do not indicate concen- 
trations of a potential tosicant that are harmless under 
conditions of long-term exposure. Nevertheless, for each 
toxicant there 1s obviously a numerical value for the ratio 
of the rafi. concentration to the acutelv lcchal concentration. 
Such vaLues are called appiicadion factors. In some cases 
this $aft-to-lethal ratio is known with rrascjnal~le accuracy 
frun: c.racrimenta1 work, n s  In the examplrs qivcn in Tat~le 
111-2. Hoxvever, for most tosicants. the safe level has not 
been ciztermined, ancl must 11c predicted by some approxi- 
mate method. In these cases, the assumption has heen 
made in this Report, that the numerical value of the safe- 
to-lethallratio, the application factor, is constant for related 
groups of chemicals. Values for the ratio will he recom- 
mended. The safe level of a particular toxicant can then 
be estimated approsimately by carrying out an acute hio- 
assay to determine the lethal concentration, then multi- 
plying this by the suggested application factor. An appli- 
cation factor does not make allowance for unknown factors. 
It  is merely a fractional 'or decimal factor applied to a 
lethal concentration to estimate the safe concentration. 

Ideally, an application factor should Ile determined for 
each waste material in question. To do this, it is necessary 
first to determine the lethal concentration of the waste 
according to the I~ioassay procedures outlined above. To 
obtain the application factor, the safe concentration of the 
same waste must be determined for the same species by 
thorough research on physiological, I)iochemical, and be-I 
havioral effects, and Ily studying growth, reproduction, 
and production in the laboratory and field. The safe-to- 
lethal ratio obtained could then be used as an application 
factor in a given situation, Ily working from the measured 
LC50 of a particular kind of waste to predict the safe 
concentration. 

TABLE NI-2-110 tios between; the safe concentration and the 
lethal concentration, which hove been determined experi- 
mentally for potential aquatic pollutants. Sources of data 
are given in the sections on the individuol pollutants. 

Material Specie: ol a n i ~ l  Sale-to-lqthal ntio . . 

LAS.. . . . . . . . . . . . . . . . Fathoad minnow (Pimephales promelas) 

Chlorina.. . . . .:. . . . . . . Fathaad minn,y 
Qammarur , . ' " ' 

SuMdar. .. . :. .. . . . . . . Fathud minnow and white sucker (Catortomur commerioni) 
Wallaya piko (SUzodedion vitraum v.) 

Copper.. . . ... . . . ... . . . . Sawnl  rpeciar of flrh . ' 

Trinlant thfomlum.. . . Fathud minnow 
Hsnnlent  chromium.. Fathud minnow 

' Brook trout (Salve~inur lodinaiir) 
. Rainbow bout (Salmo galrdnerl) 

M a l a ~ o n .  . . . . . . . . . . . Fathaad minnow and btusgiit (~spomi;iathrochirui) 
Clrbagl ..... . .. .. .. .. Rrhrpadar . , 
H l l a l .  ... . ..:. . .. .. .. Fathaad min'now 
. l a d . .  . . . . . .,. . . . . . . . . binbow ~ n d  Brook trout 
Zinc ....... . . .. . .. . . . . Fathad minnow 

Between 0.14 and 0.28 
(-aboulO.21) 

0.16 . 
0.16 
O . l *  
0.2f 

dors to 0.1 
0.037 
0.03 
0.012 
0.04 
0.03 
0.02 
0.02 

c0.u 
0.M5 
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In this approach, a 96-hour LC50 is determined for the 
pollutant using water from the receiving stream for dilution. 
The test organisms selected should be among the most 
sensitive species, or an important local species at a sensitive 
life stage, or a species whose relative sensitivity is known. 
This procedure takes into consideration the effects of local 
water qualify arid the stress or adverse effects of wastes 
already present in the stream. The LC50 thus found is 
then multiplied I,y the application factor for that waste to 
determine its safe concentration in the specific stream or 
section of str'earn. Such Ijioassays should IIC repcated at 
least monthly or when changes in process or rate of waste 
discharge arc observed. 

receiving waters. The 24-hour average of the concentration 
of these toxicants should not exceed 0.05 of the LC50 if 
aquatic life is to be protected. For toxic materials which 
are persistent or cumulative the concentrations should nr 
exceed 0.05 of the 96-hour LC50 at any time or place, anL 
the 24-hour average concentration should not exceed 0.01 
of the 96-hour LC50 in order to protect aquatic life. I t  is 
proposed that these general application factors be applied 
to LC50 values determined in the manner described above 
to set toleral~le concentrations of wastes in the receiving 
stream. 

MIXTURES OF TWO OR MORE TOXICANTS 
esan1~1e3 if the LC50 is Oa5 per The tosicity of a mixture of pollutants may he 

liter (mg,/l) and the concentration of the waste found to be by expressing the actual concentration of each toxicant as 
safe is 0.01 ~ n g j l ,  the ratio would he: .. a proportion of its lethal threshold concentration (usually 

Safe Concentration 0.01 1 --=- eq;al' to the 96-hour LC50) and adding the resulting 
96-hour LC50 . -0.50 50 numl,ers for all the toxicants. If the total is 1.0 or greater, 

In  this instance, the safe-to-lethal ratio is 0.02. I t  can 11e 
used as an application factor in other situations. Then, in 
a given situation involving this waste, the safe concentration 
in the receiving stream would be found Ily multiplying thp 
four-clay LC50 Ijy 0.02. 

This predictive procedure based on lethal concentrations 
is useful, I~ecause the precise safe level of many pollutants 
is not known I~ecause of the uncertainty about toxicity of 
mixed effluents and the difference in sensitivity among fish 
and fish food organisms. Henderson (1957)=l and Tarzwell 
(1962)4D have discussed various factors involved in de- 
veloping application factors. Studies Ily Mount and Stephan 
(1 967), 3X Brungs (1 969) , 'Wount  (1 968), 31 McKim and 
Benoit (1971),30 and Eaton (1970)=' in which continuous 
exposure was used, reveal that the safe-to-lethal ratio that 
permits spawning ranges over nearly two orders of magni- 
tude. Esposure will not be constant in most cases, and 
higher concentrations usually can be tolerated for short 
pericds. 

Lethal threshold concentrations, which may require more 
than 96-hour exposures, may be lleneficially used (Sprague 
1969)43 to replace 96-hour LC50 in the above procedures, 
and there is a trend today to use such threshold concen- 
trations  aton on' 1970) .24 

At present, safe levels have heen determined for only a 
few wastes, and as a result only a few application factors are 
known. Because the determination of safe levels of pollutants 
is an involved process, interim procedures for estimating 
toleral~le concentrations of various wastev in receiving waters 
must be used. T o  meet this situation, three universal appli- 
cation factors selected on the basis pf present knowledge, 
experience, and j u d p e n t  are recommended at the end of 
this section. Where toxicants have a nonpersistent nature 
(a half life of less than 4 days) or noncumulative effects, 
an application factor of 0.1 of the 96-hour LC50 should 
not be exceeded at any time or place after mixing with the 

the mixture will be lethal. 
The system of adding different toxic~nts in this way is 

based on the premise that their lethal actions are additive. 
Unlikely as it seems, this simple rule has been found to 
govern the coml~ined lethal action of many pairs and mix- 
tures of quite dissimilar toxicants, such as copper and 
ammonia, and zinc and phenol in the laboratory (Herbert 
and Vandyke 1 964,29 Jordan and Lloyd 1964, 30 Brown 
et al. 1969)." The rule holds true in field studies (Herl~ert 
1965,2s Sprague et al. 1965) .4The  method of.addition is 
useful and reasonal~ly accurate for predicting threshold: 
lethal effects in mixtures. 

There is also evidence of a lower limit for additive lethal 
effects. For ammonia and certain other pollutants, levels 
below 0.1 of the lethal concentration do not seem to con- 
tribute to the lethal action of a mixture (Brown et al. 1 969,17 
Lloyd and Orr 1969).36 This lower cutoff point of 0.1 of 
the LC50 should be used when it is necessary to assess the 
lethal effects of a mixture of toxicants. 

SUBLETHAL EFFECTS 

Sublethal or chronic effects of mixtures are of great im- 
portance. Sublethal concentrations of different toxicants 
should he, additive in effect. Here again, it would be ex- 
pected that for any given toxicant there would be some low 
concentration that would have no deleterious effect on an 
organism and would not contribute any sublethal toxicity 
to a mixture, but there is little research on this.subject. 
Biesinger and Christensen (unpubhshed data 197 1 ), s2 con- 
cluded that subchronic concentrations of 21 toxicants were 
close to being additive in causing chronic effects on repro- 
duction in Daphnia. Copper and zinc concentrations of 
about 0.01 of the LC50 are additive in causing avoidance 
reactions (Sprague et al. 1965).4s On  the other hand, some- 
what lower metal concentrations of about 0.003 of the LCCn 
do not seem to be additive in affecting reproduction of 



(Eaton unpublished data 197 1). Perhaps there is a lower 
cutoff point than 0.01 of the LC50 for single poll&ants 
cr- Gbuting to sublethal toxicity of a mixture. 

m interim solution, it is recommended that the con- 
tribution of a single pollutant to the sublethal toxicity of a 
mixture should not 'se counted if it is less than 0.2 of the 
recommended level for that pollutant. Applying this to a 
basic recommended lpvel of 0.05 (see the Recommendation 
that follows) of the LC50 would yield a value of 0.01 of the 
LC50, corresponding ro the possible cutoff point suggested 
above. 

I t  is expected that cersain cases of joint toxicity will not 
be covered by simple addition. The most obvious exception 
would be when two toxicants combine chemically. For 
example, mixed solutions of cyanides and metals could 
cause addition of toxicity or very different effects if the 
metal and cyanide combined (Doudoroff et al. 1966).a8 A 
thorough understanding of chemical reactions is necessary 
in these cases. 

For further discussions of bioassays and the difficulties 
posed in assessing sublethal effects of toxicants on organisms, 
see Section IV, pp. 233-237. 

Recornmendationsfor the Use of Application Factors to 
Estimate Safe   on cent rot ions of Toxic Wastes in Receiving 

Where specific application factors have been determined 
fr -. -+en material, they should be used instead of the safe 
c; .itration levels of wastes given below: 

. . . . 

(a) Concentration of materials that are nonpersistent 
or have noncumulative effects should not exceed ,0.1 of 
the 96-hour LC50 at  any time or place after mixing with 
the receiving waters. The 24-hour average of the concen- 
tration of these materials should not exceed 0.05 of the 
LC50 after mixing. 

(b) For toxicants which are persistent or cumulative, 
the concentrations should not exceed 0.05 of the 96-hour 
LC50 at any time or place, nor should the 24-hour average 
concentration exceed 0.01' of the 96-hour LC50. 

(c) When two or more toxic materials are present at  
the same time in the receiving water, it should be assumed 
unless proven otherwise that their individual toxicities are 
additive and that some reduction in the permissible concen- 
trations is necessary. The amount of reduction required is 
a function of both the number of toxic materials present 
and their concentrations in respect to the permissible con- 
centrations. The following relationship will assure :hat the 

combined amounts of the several substances do not exceed 
a permissible concentration : 

This formula may be applied where Ca, Cb, . . . Cn are the 
measured or expected concentrations of the several toxic 
materials in the water, and L,, Lb, . . . L,, are the respective 
concentrations recommended or those derived by using 
recommended application factors on hioassays done under 
local conditions. Should the sum sf thr several fractions 
exceed 1.0, a local restriction on the concentration of one 
or more of the substances is necessary. 

C and L can be measured in any convenient chemical 
unit as proportions of the LC50 or in any other desired way, 
as long as the numerator and denominator of any single 
fraction are in the same units. To remove natural trace 
concentrations and low nonadditive concentrations from 
the above formula, any single fraction which has a value 
less than 0.2 should be removed from the calculation. 

Examp'le: 

Small quantities of five toxicants are measured in a 
stream as follows: 

3 micrograms/liter (pg/l) of zinc; 3 pg/l of phenol; 
3 pg/l of un-ionized ammonia as calculated from 
Figure 111-10 (see Ammonia, p. 186); 1 ~ g / l  of 
cyanide; and 1 pg/l of chlorine. 

A bioassay with zinc sulphate indicates that the 96- 
hour LC50 is 1.2 mg/l. The application factor for 
zinc is 0.005; therefore, the allowable limit is 0.005 X 
1.2-0.006 mgjl. Initial bioassays with phenol, am- 
monia, and cyanide indicate that the recommended 
values are the safe concentrations stated in other sec- 
tions of the Report, not the fractions of LC50; so the 
limits are 0.1 mg/l, 0.02 mg/l, and 0.005 mg/l. The 
permissible limit for chlorine (page 189) is 0.003 mg/l. 
Therefore, the total toxicity is estimated as follows for 
zinc, phenol, ammonia, cyanide, and chlorine, re- 
spectively: 

0.003 0.003 0.003 0.001 0.001 
mf0.1+0.02+0.005'- 0.003 

=0.5+0.03+0.15+0.2+0.33 

The second and third terms, i.e., phenol and ammonia, 
should be deleted since they are below the minimum 
of 0.2 for additive effects. This leaves 0.5+0.2+0.33 = 
1.03, indicating that the total sublethal effect of these 
three toxicants is -slightly above the permissible level 
and that no higher concentration of any of the three 
is safe. Thus none can be added as a pollutant. 



PHYSICAL MANIPULATION OF THE ENVIRONMENT 

Numerous activities initiated to maximize certain uses of 
water resources often adversely affect water quality and 
minimize other uses. These activities have caused both 
benefit and harm in terms of envir.onmenta1 quality. The 
common forms of physical alteration of watersheds are 
channelization, dredging: filling, shoreline modifications 
(of lakes and streams), clearing of vegetation, rip-rapping, 
diking, leveling, sand and gravel removal, and impounding 
of streams: 

Channelization is widespread throughout the United 
States, and many studies have been conducted documenting 
its effects. Channelization usually increases stream gradient 
and flow rates. The quiet areas or backwaters are either 
eliminated or cut off from the main flow of the stream, the 
stream bed is made smooth, thus reducing the habitats 
available to benthic organisms, and surrounding marshes 
and swamps are more rapidly drained. The steeper gradient 
increases velocity allowing the stream .to carry a greater 
suspended load and causing increased turbidity. The rate 
of organic waste transformation per mile is usually reduced, 
and destruction of spawning and nursery areas often occurs. 
Trautman (1 939),07 Smith and Larimore (1 963),05 Peters 
and Alvord (1 964),04 Welker (1 967),0Q Martin (1969),03 
and Gebhards (1970)68 have discussed the harmful effects 
of channelization on some fish populations and the effect 
on stimulation of less desirable species. 

Dredging undertaken to increase water depth often 
destroys highly productive habitats such as marshes (Mar- 
shall 1968,02 Copeland and Dickens 1969).58 The spoils 
from dredging activities are frequently disposed of in other 
shallow sites causing further loss of productive areas. For 
example,. Taylor and Saloman (1968)68 reported that since 
1950 there has been a 20 per cent decrease in surface area 
of productive Boca Ciega Bay, Florida, due to fill areas. 
I t  has become common practice to fill in marshy sites near 
large metropolitan areas (e.g., San Francisco Bay, Jamaica 
Bay) to provide for airport construction and industrial 
development. 

In addition to the material that is acsually removed by 
the dredging process, a considerable amount of waste is 
suspended in the water resulting in high turbidities (Mackii 

1961).61 If the dredged sediments are relatively nontoxic, 
gross effects on'motile aquatic-liie may not be noticeable, 
but benthic communities may be drastically affected by the 
increased redeposition of silt (Ingle 1952). 

In many instances either high nutrient or toxic sediments 
are suspended or deposited during the dredging process. 
This action may kill aquatic organisms by exposure to the 
toxicants present or by the depletion of dissolved oxygen 
concentrations, or both. Brown and Clark (1968)54 noted 
a dissolved oxygen reduction of 16 to 83 per cent when 
oxidizable sediments were resuspended. In many cases dis- 
turbed sediments containing high nutrient concentrations 
may stimulate undesirable forms of phytoplankton or 
Cladophora. Gannon and Beeton (1969)67 categorized harbp- 
sediments in five groups. Those most severely pollu 
were toxic to various animals and did not stimulate grow~u 
of phytoplankton. Other sediments were toxic but stimu- 
lated plant growth. The least polluted sediments were not 
toxic and stimulated growth of phytoplankton but not 
Cladophora. 

Three basic aspects must be considered in evaluating the 
impact of dredging and disposal on the aquatic environ- 
ment: (1) the amount and nature of the dredgings, (2) the 
nature and quality of the environments of removal and 
disposal, and (3) the ecological responses. All vary widely 
in different 'environments, and it is not possible to identify 
an optimal dredging and disposal system. Consequently, 
the most suitable program must be developed for each 
situation. Even in situations where soil is deposited in 
diked enclosures or used for fill, care must be taken to 
monitor overflow, seepage, and runoff waters for toxic and 
stimulatory materials. 

Artificial impoundments may have serious environmental 
impact on natural aquatic ecosystems. Dams and other 
artificial barri!rs frequently block migration and may 
destroy large areas of specialized habitat. Aquatic organisms 
are frequently subjected to physical damage if they are 
allowed to pass through or' over hydroelectric power units 
and other man-made objects when properly designed 
barriers are not provided. At large dams, especially t 
designed for hydroelectric power, water drawn from . ., 



pool behind the dam is frequently taken from great depths, 
resuiting in the release to the receiving stream of wsters 
low ' - dissolved oxygen and excessively cold. This can be a 
pr 2, particularly in areas where nonnative fish are 
tacked. 

Cutting down forests, planting the larid in crops, and 
partially covering the surface of a watershed by building 
.oads, houses, and industries can have detrimental eifccts 
;n water ways. Wark and Keller (1963)'18 showed that in 
!he Potomac River Basin (Washington, D.C.) reducing the 
Irest cover from 80 per cent to 20 per cent increased the 

lnnual sediment yield from 50 to 400 tons per square mile 
3er year. The planting of land in crops increased the sedi- 
ment yield from 70 to 300 tons per square mile per year, 
2r a fourfold increase as the land crops increased from 10 
per cent to 50 per cent. Likens et al. (1970)s0 showed that 
,utting down the forest in the Hubbard Brook area (Ver- 

mont) caused substantial changes in the streams. The sedi- 
ment load increased fourfold over a period from May 1966 
to May 1968. Furthermore, the particulate matter drained 
from the deforested watershed became increasingly in- 
organic in content, thus reducing the value of the sediment 
as a food source. The nutrient content of the water was also 
affected by cutting down the forests. The nitrate concen- 
tration increased from 0.9 mg/l prior to the cutting of 
vegetation to 53 mg/l two years later. Temperatures of 
streams in deforested areas were higher, particularly during 
the summer months, than those of streams bordered bv 
forests (Brown and Krygier 1970). 66 

Prior to any physical alterations of a watershed, a 
thorough investigation should be conducted to determine 
the expected balance between benefits and adverse environ- 
mental effects. 

.. 



SUSPENDED AND SETTLEABLE - SOLIDS 

Suspended and settleable solids include both inorganic 
and organic materials. Inorganic components include sand, 
silt, and clay originating from erosion, mining, agriculture, 
and areas of construction. Organic matter may be com- 
posed of a variety of materials added to the ecosystem from 
natural and man-made sources. These inorganic and organic 
sources are discussed in the Panel Report on Marine 
Aquatic Life and Wildlife (Section IV), and the effects of 
land-water relationships are described in the report on 
Recreation and Aesthetics (Section I). 

SOIL AS A SOURCE OF MINERAL PARTICLES 

Soil structure and drainage patterns, together with the 
intensity and temporal distribution of rainfall that directly 
affect the kind and amount of protective vegetative cover, 
determine the susceptibility of a soil to erosion. Where 
rain occurs more or less uniformly throughout the year, 

The suspended and settleable solids and the bed of a water 
body must be considered as interrelated, interacting parts. 
For example, Langlois (1941)77 reported that in Lake Erie 
the average of 40 parts per million (ppm) of suspended 
matter in the water was found to change quickly to more 
than 200 ppm 'with a strong wind. He. further explained 
that this increase is attributed to sediments resuspended by 
wave action. These sediments enter from streams or from 
shoreline erosion. 

Suspended clay mineral particles are weakly cohesive in 
fresh river waters having either unusually low dissolved salt 
concentrations or high concentrations of multivalent cations. 
Aggregations of fine particles form and settle on the bed to 
form soft fluffy deposits when such waters enter a lake or 
impoundment. However, clay mineral particles are r' 

persed or only weakly cohesive in most rivers. 

EFFECTS OF SUSPENDED PARTICLES, IN WATER 
protective grasses, shrubs, or trees develop < ~ e o ~ o l d ,  et al. 
1964).78 Where rainfall occurs intermittently, as in arid 
areas, growth of protective plants is limited thus allowing 
unchecked erosion of soils. 

Wetting and drying cause swelling and shrinking of clay 
soils and leave the surface susceptible to entrainment in 
surface water flows. Suspended soil particle concentrations 
in rivers, therefore, are at their peak at the beginning of 
flood flows. Data on the concentration of suspended matter 
in most of the significant streams of the United States are 
presented in the U.S. Geological Survey Water Supply 
Papers. 

Streams transport boulders, rocks, pebbles, and sand by 
intermittent rolling motions, or by intermittent suspension 
and deposition as particles are entrained and later settled 
on thebed.  Fine particles are held in suspension for long 
periods, depending on the intensity of the turbulence. Fine 
silt particles, when' dispersed in fresh waters, remain almost 
continuously suspended, and suspension of dispersed clay 
mineral particles may be maintained even by the thermally 

The composition and concentrations of suspended parti- 
cles in surface waters are important because of their effects 
on light penetration, temperature, solubility products, and 
aquatic life (Cairns 1968) .12 The mechanical or abrasive 
action of particulate material is of importance to the higher 
aquatic organisms, such as mussels and fish. Gills may be 
clogged and their proper functions of respiration and 
excretion impaired. Blanketing of plants and sessile animals 
with sediment as well as the blanketing of important 
habitats, such as spawning sites, can cause drastic changes 
in aquatic ecosystems. If sedimentation, even of inert 
particles, covers substantial amounts of organic material, 
anaerobic conditions can occur and produce noxious gases 
and other objectionable characteristics, such as low dis- 
solved oxygen and decreases in pH. 

Absorption of sunlight by natural waters. is strongly 
affected by the presence of suspended solids. The intensity 
of light (I) at any distance along a light ray (L) is; for a 
uniform suspension, expressed by the formula: 

induced motions in water. These fine mineral particles are I ,  lo -kcL, 
the soil materials of greatest significance to the turbidity 
values of a particular water. where lo is the intensity just below the water surface (L : 

i 126 
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. is the extinction coefficient for the suspended solids, and 
u the cor~centration of suspended solids. L can be related 
- .  
C, warcr depth by the zenith .angle, i, the angle of 
ej 3x1, :, and the index of refraction of water, 1.33, by 
.ne:lls rule : 

sin i 
sin r e -  

1.33 

;he depth, Dl is L cos r. Refraction makes the light path 
?or: nearly vertical under water than the sun's rays, 
w e p t  when the sun's rays are themselves normal to the 
vattsr surface. 

The growth of fixed and suspended aquatic plants can 
)e limited byuthe intensity of sunlight. An example of the 
lecrease in the photic zone was calculated for San Francisco 
lay (Krone 1963)176 where k was 1.18X lo3 square centi- 
netors per gram. For a typical suspended solids concen- 
ration of 50X loe6 grams per cubic centimeter, for an 
dgae requiring. 20 foot candles or more for its multipli- 
:ation, and under incident sunlight of 13,000 foot candles 
he photic zone did not exceed 1.1 meters. A reduction in 
-3spended solids concentration to 20 X 1 O-B g/cm3 increased 
he maximum depth of the photic zone to 2.8 meters. 

Because suspended particles inhibit the penetration of 
iunlight, water temperatures are affected, and increasing 
urhidity results in increasing absorption near the water 
iurface so that turbid waters warm more rapidly at the 
l r  than do  clearer waters. Warming and the accom- 

3a. g decrease in density stabilize water and may inhibit 
~erncal mixing. Lower oxygen transfer value from air to 
Nater results when surface waters are heated. This action 
:ombined with inhibited vertical mixing reduces the rate of 
3xygen transfer downward. Still or slowly moving water 'is 
-1ost affected. 

The rate of warming, dT/dt, at any distance from the 
surface along a light path, L, in water having uniform 
suspended material is 

where p is the water density and C is the specific heat of 
the water. This equation shows that an increase in suspended 
iediment concentration increases the rate of warming near 
the surface and decreases exponentially with depth. The 
biological significance of this relationship is in the effect on 
time of formation, vertical distribution of thermal stratifi- 
cation, and stability of the upper strata. Increasing tur- 
bidity could change the stratification patterns of a lake and 
thus change the temperature distribution, oxygen regime, 
and composition of the biological communities. 

,ADSORPTION OF TOXIC MATERIALS 

znded mineral particles have irregular, large surface 
areaa, with electrostatic charges. As a consequence, clay ' 

minerals may sorb cath.:, anions, and organic compounds. 
Pesticides and heavy merais may be absorbed on sus~ended 
clay particles and strongv held with them. The sorption 
of chemicals by suspended matter is particularly important 
if it leads to a buildup or* toxic and radioactive materials 
in a limited area with the possibility of sudden release of 
these toxicants. One such example has been reported by 
Benoit et al. (1 967). 70 Gannon and Beeton (1969)'"eported 
that sediments with the foilowing characteristics dredged 
from various harbors on the Great Lakes were usually toxic 
to various organisms: COD 42,000 mg/l, volatile solids 
4,000 mg/l, ammonia 0.075 mgjg, phosphate-P 0.65 mg/g. 

The capacity of minerals to hold dissolved toxic materials 
is different for each material and type of clay mineral. An 
example illustrates the magnitudes of sorptive capacities: 
the cation exchange capacity (determined by the number 
of negatively charged sites on clay mineral surfaces) ranges 
from a few milliequivalents per hundred grams (me/100 g) 
of mineral for kaolinite clay to more than 100 me/100 g for 
montmorillonite clay. Typical estuarial sediments, ,which are 
mixtures of clay, silt, and sand minerals, have exchange 
capacities ranging from 15 to 60 me/100 g (Krone 1963).78 
The large amounts of such material that enter many 
estuaries and lakes from tributary streams provide continu- 
ally renewed sorptive capacity that removes materials such 
as heavy metals, phosphorus, and radioactive ions. The 
average new sediment load flowing through the San Fran- 
cisco Bay-Delta system, for example, has a total cation 
exchange capacity of a billion equivalents per year. 

The sorptive capacity effectively creates the large assimi- 
lative capacity of muddy waters. A reduction in suspended 
mineral soiids in surface waters can cause an increase in 
the concentrations of dissolved toxic materials contributed 
by existing waste discharges. 

EFFECTS ON FISH AND INVERTEBRATES 

The surface of particulate matter may act as a substratum 
for microbial species, although the particle itself may or 
may not contribute to their nutrition. When the presence 
of particulate matttr 'enables the environment to support 
substantial increased populations of aquatic microorganisms, 
the dissolved oxygen concentration, pH, and other char- 
acteristics of the water are frequently altered. ' 

There are several ways in which an excessive concen- 
tration of finely divided, solid matter might be harmful to 
a fishery in ,a river or a lake (European Inland Fisheries 
Advisory Commission, EIFAC 1 965),73 These include : 

acting directly on fish swimming in water in which 
solids are suspended, either killing them o~reducing 
their growth rate and resistance to disease; 
preventing the successful development of fish eggs 
and larvae; 
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modifying natural movements and migrations of fish; 
reducing the food available to fish; 
affecting efficiency in catching the fish. 

With respect to chemically inert suspended solids and to 
waters that-are otherwise satisfactory for the maintenance of 
freshwater fisheries, EIFAC (1 965)73 reported : 

there is no evidence that concentrations of suspended 
solids less than 25 mg/l have any harmful effects 
on fisheries; 
it should usually be possible to maintain good or 
moderate fisheries in waters that normally contain 
25 to 80 mg/l suspended solids; other factors being 
equal, however, the yield of fish from such waters 
might be somewhat lower than from those in the 
preceding category ; 
waters normally containing from 80 to 400 mg/l 
suspended solids are unlikely to support good fresh- 
water fisheries, although fisheqies may sometimes 
be found at the lower concentrations within this 
range ; 
only poor fisheries are likely to be found in waters 
that normally contain more than 400 mg/l suspended 
solids. 

of macroinvertebrates. Population diversity indices were 
unaffected because most species responded to the same 
degree. The standing crop of fish decreased dramatical' 
when heavy sediment occurred in the spring; but fish 
mained in pools during the summer when the input was 
heavy and vacated the pools only after deposits of sediment 
accumulated. After winter floods removed sediment de- 
posits, fish returned to the pools and achieved levels of 50 
per cent of the normal standing crop by early June. 

Not all particulate matter affects organisms in the same 
way. For example, Smith, et al. (1965)'O found that the 
lethal action of pulp-mill fiber on walleye fingerlings 
(Stizostedion vitreum vitreum) and fathead minnows (Pimephales 
promelas) was influenced by the type of fiber. In 96-hour 
bioassays, mortality of the minnows in 2,000 ppm suspen- 
sions was 78 per cent in conifer groundwood, 34 per cent 
in conifer kraft, and 4 per cent in aspen groundwood. High 
temperatures and reduced dissolved oxygen concentrations 
increased the lethal action of fiber. 

Buck (1 956)" studied the growth of fish in 39 farm ponds 
having a wide range of turbidities. The ponds were cleared 
of fish and then restocked with largemouth black bass 
(Micropterus salmoides), bluegill (Lepomis manochirus), and 
redear sunfish (Lepomis microlophus). After two growing 
seasons the yields of fish were: 

In addition, although several thousand parts per million 
clear ponds (less than 25 mg/l 161.5 lb/acre 

suspended solids may not kill fish during several hours or 
suspended solids) 

days exposure, temporary high concentrations should be 
intermediate (25-100 mg/l 94.0 lb/acre 

prevented in rivers where good fisheries are to be main- 
suspended solids) 

tained. The spawning grounds of most fish should be kept muddy (more than 100 mg/l 29.3 lb/acre 
as free as possible from finely divided solids. suspended solids) ' 

While the low turbidities reported above reflected values 
that should protect the ecosystkrn, Wallen (1951)80 reported 
that fish can tolerate higher concentrations. Behavioral 
reactions were not observed until concentrations of tur- 
bidity neared 20,000 mg/l, and in one species reactions did 
not appear until turbidities reached 100',000 mg/l. Most 
species tested endured exposures of more than 100,000 mg/1 
turbidity for a week or longer, but these same fishes finally 
died at  turbidities of 175,000 to 225,000 mg/l. Lethal 
turbidities caused the death of fishes within 15 minutes to 
two hours exposure. Fishes that succumbed had opercular 
cavities and gill filaments clogged with silty clay particles 
from the water. 

I n  a study of fish and macroinvertebrate populations 
over a four-year period in a stream receiving sediment from 
a crushed limestone quarry, Gammon (1970)74 found that 
inputs that increased the suspended solids load less than 
40 mg/l (normal suspended solids was 38 to 41 mg/l and 
volatile suspended solids 16 to 30 mg/l) resulted in a 25 
per cent reduction in macroinvertebrate density in the 
stream below the quarry. A heavy silt input caused increases 
of more than 120 mg/l including some decomposition of 
sediment, and resulted in a 60 per cent reduction in density 

The rate of reproduction was also reduced by turbidity, 
and the critical concentration for all three species appeared 
to be about 75-100 mg/l. In the same paper, Buck reported 
that largemouth black bass (Micropterus salmoides), crappies 
(Pomoxis), and channel catfish (Ictalurus.punctatus) grew more 
slowly in a reservoir where the water had an average 
turbidity of 130 mg/l than in another reservoir where the 
water was always clear. 

Floating materials, including large objects as well as very 
fine substances, can adversely affect the activities of aquatic 
life. Floating logs shut out sunlight and interfere particularly 
with surface feeding fish. Logs may also leach various types 
of organic acids due to the action of water. If they have 
been sprayed with pesticides or treated chemically, these 
substances may also leach into the water. As the logs float 
downstream their bark often disengages and falls to the 
bed of the stream, disturbing benthic habitats. Aquatic life 
is also affected by fine substances, such as sawdust, peelings, 
hair from tanneries, wood fibers, containers, scum, oil, 
garbage, and materials from untreated municipal an3 
dustrial wastes, tars and greases, and precipitated chemi~--,. 
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ecommendations Aquatic communities shpuld be protected if the 
following maximum concen'tiations of .suspended T' combined effect of color and turbidity should eiut: 

1 :hange the comvensation point more than 
10 per cent from its s&isonally established norm, High level of protection 25 mg/l 

- nor should such a change place more than 10 Moderate protection SO mg/l 
per cent of the biomass of photosynthetic orga- Low level of protection 400 mg/l 
nisms below the compensation point. Very low level of protection over 400 mg/f 



COLOR 

The true color of a specific water sample is the result of 
substances in solution; thus it can be measured only after 
suspended material has been removed. Color may be of 
organic or mineral origin and may be the result of natural 
processes as well as manufacturing operations. Organic 
sources include humic materials, peat, plankton, aquatic 
plants, and tannins. Inorganic substances are largely me- 
tallic, although iron and manganese, the most important 
substances, are usually not in solution. They affect color as 
particles. Heavy-metal complexes are frequent contributors 
to the color problem. 

Many industries (such as pulp and paper, textile, refining, 
chemicals, dyes and explosives, and tanning) discharge 
materials that contribute to the color of water. Conventional 
biological waste treatment p;ocedures are f;.equently in- 
effective in removing color. On the other hand, such treat- 
ment processes have caused an accentuation of the level 
of color during passage through the treatment plant. 
Physicochemical treatment processes are frequently pre- 
ferable to biological treatment if color removal is critical 
(Eye and Aldous 1 968,81 .King and Randall 1 970n3). 

The tendency for an accentuation of color to occur as a 
result of complexing of a heavy metal with an organic sub- 
stance may also lead to problems in surface waters. -4 rela- 
tively color-free discharge from a manufacturing operation, 
may, upon contact with iron in a stream., produce a highly 
colored water that would significantly affect aquatic life 
(Hem 1 960,82 Stumm and Morgan 196286). 

The standard platinum-cobalt method of measuring coior 
is applicable to a wide variety of water samples (Standard 

Methods 1971).85 However, industrial wastes frequently 
produce colors dissimilar to the standard platinum-cobalt 
color, making the comparison technique of limited value. 
The standard unit of coior in water is that level produced 
by 1 mg/l of platinum as chloroplatinate ion (Standard 
Methods 1971).s6 Natural color in surface waters ranges 
from less than one color unit to more than PO0 in highly 
colored bodies of bvater (Nordell 196 1) 

That light intensity at which oxygen production in photo- 
synthesis and oxygen consumption by respiration of the 
plants concerned are equal is known as the compensation 
point, and the depth at which the compensation point oc- 
curs is called the compensation depth. For a given body of 
water this depth varies with several conditions, including 
season, time of day, the estent of cloud cover, conditio. ' 
the water, and the taxonomic composition of the flori 
volved. As commonly used, the compensation point refers 
.to that intensity of light which is sbch that the plant's 
oxygen production during the day will be sufficient to 
balance the oxygen consumption during the whole 24-hour 
period (Welch 1952). 

Recommendation 

The combined effect of color and turbidity should 
not change the compensation pointSmore than 10 
per cent from its seasonally established norm, nor 
should such a change place more than 10 per cent 
of the biomass of photosynthetic organisms below 
the compensation point. 



DISSOLVED GASES 

llSSOLVED OXYGEN hatched larvae, for normal growth and activity, and for 

Oxygen requirements of aquatic life have been extensively 
udied. Comprehensive papers have been presented by 
loudoroff and Shumway (1967),8g Doudoroff and Warren 
1965),01 Ellis (1937),ea and Fry (1960).94 (Much of the 
:search on temperature requirements also considers oxygen, 
nd references cited in the discussion of Heat and Temper- 
a r e ,  p. 151, are relevant here.) The most comprehensive 
rview yet to appear i ~ a s  been written by Doudoroff and 
humway for the r'ood and Agriculture Organization 
FAO) of the United Nations (1970)." This F A 0  report 
rovides the most advanced summary of scientific research 
n oxygen needs of fish, and it has served as a basis for most 

.ecommendations presented in this discussion. In  
a r ~  .ar, it provided the criteria for citing different levels 
f protection for 'fish, for change from natural levels of 
xygen concentration, and for the actual numerical values 
.commended. Much of the text below has been quoted 
erbatim or condensed from the F A 0  report. Its recommen- 
~ t i o n s  have been modified in only two ways: the insertion 
f a floor of 4 mg/l as a minimum, and the suggestion that 
atural minima be assumed to be equal to saturation 

completing all stages of the reproductive cycle are pertinent. 
Upon review of the available research, one fact becomes 
clear: any reduction of dissolved oxygen can reduce the 
efficiency of oxygen uptake by aquatic animals and hence 
reduce their ability to meet demands of their environment. 
There is evidently no concentration level or percentage of 
saturation to which the 0 2  content of natural waters can 
be reduced without causing or risking some adverse effects 
on the reproduction, growth, and consequently, the pro- 
duction of fishes inhabiting thdse waters. 

Accordingly, no single, arbitrary recommendation can 
be set for dissolved oxygen concentrations that will be 
favorable for all kinds of fish in all kinds of waters, or even 
one kind of fish in a single kind of water. Any reduction in 
oxygen may be harmful by affecting fish production and 
the potential yield of a fishery. 

The selection of a level of protection (Table 111-3) is a 
socioeconomic decision, not a biological one. Once the 
level of protection is selected, appropriate scientific recom- 
mendations may be derl'ved from the criteria presented in 
this discussion. 

:vels if the occurrence of lower minima cannot be definitely Basis for Reco~mendations 
stablished. Doudoroff and Shumway covered oxygen con- 
entrations.below the floor of 4 mg/l; however, the 4 mg/] - The decision to base the recommendations on 0 2  con- 
dor has been adopted in this report for reasons explained centration minima, and not on average concentrations, 
~elow. arises from various considerations. Deleterious effects on 

. . fish seem to depend more on extremes than on averages. 
evels of Protection For example, the growth of young fish is slowed markedly 

Most species of adult fish can survive at  very low concen- 'if the oxygen concentration falls to 3 mg/l for part of the 
rations of dissolved oxygen. Even brook trout (Saluclinus day, even if it rises as high as 18 mg/l at other times. I t  
ntinalis) have been acclimated in the laboratory to less could be an inaccurate and ,possibly controversial task to 
han 2 mg/l of 0 2 .  I n  natural waters, the minimum concen- carry out the sets of measurements required to decide 
ration that allows continued existence of a varied fish whether a criterion based on averages was being met. 
luna, including valuable food and game species, is not A daily fluctuation of O 2  is to be expected where there is 
ligh. This minimum is not above 4 mg/l and may be much appreciable photosynthetic activity of aquatic plants. In 
3wer. such cases, the minimum O 2  concentration will usually be 

However, in evaluating criteria, it is not important to found just before daybreak, and sampling should be done 
.no1, Low long an animal can resist death by asphykiation at that. time. Sampling should also take into account the 
.t jissolved oxygen concentrations. Instead, data on possible differences in depth or .width of the water body. 
he oxygen requirements. for egg development,. for newly The guiding principle should be to sample the places where 

I 

131 
I 

I 

I 



132/Section 111-Freshwater Aquatic Life and Wildlife 

aquatic organisms actually live or the parts of the habitat 
where they should be able to live. 

Before recommendations are proposed, it is necessary to 
evaluate criteria for the natural, seasonal 0: minimum 
from which the recommendations can be derived. Natural 
levels are assumed to be the kiitiii-ation levels, unless scien- 
tific data show that the .natur'al levels were already low in 
the absence of man-made effects. 

Certain waters in regions of low human populations can 
still be adequately studied in their natural or pristine con- 
dition. In these cases the minimum 0 2  concentration at 
different seasons, temperatures, and stream discharge vol- 
umes can be determined by direct observation. Such ob- 
served conditions can also be useful in estimating seasonal 
minima in similar waters in similar &ographical regions 
where natural levels can no longer be observed because of 
waste discharges or other man-made changes. 

In  many populated regions, some or all of the streams 
and lakes have been altered. Direct determination of 
natural minima may no1 longer be possible. In  these cases 
the assumption of year-round saturation with 0 2  is made 
in the absence of other evidence. 

Supersaturation of water with dissolved oxygen may 
occur as the result of photosynthesis by aquatic vegetation. 
There is some evidence that this may be deleterious to 
aquatic animals because of gas bubble disease (see Total 
Dissolved Gases, p. 135). 

Despite the statements in previous paragraphs that there 
is no single 0 2  concentration which is fauorable to all species. 
and ecosystems, it is obvious that there are, nevertheless, 
very low Oi  concentrations that are unfauorabk to almost 
all aquatic organisms. Therefore, a floor of 4 mg/l is 
recommended except in situations where the natural level 
of dissolved oxygen is less than 4 mg/l in which case no 
further depression is desirable. The  value of 4 mg/l has 
been selected because there is evidence of subacute or 
chronic damage to several fish below this concentration. 
Doudoroff and Shumway (1970)g0 review the work of 
several authors as given below, illustrating such damage. 
Fathead minnows (Pimephales promelas) held at  4 mg/l 
spawned satisfactorily; only 25 per cent of the resultant 
fry survived for 30 days, compared to 66 per cent survival 
a t  5 mg/l. At an oxygen level of 3 mg/l, survival of fry 
was even further reduced to 5 per cent (Brungs 19721°1 
personal communicatron). Shumway et al. (1 964)08 found that 
the dry weight of coho salmon (Oncorhynchus krsutch) alevins 
(with yolk sac removed) was reduced by 59 per cent when 
they had been held at 3.8 mg/l of oxygen, compared to 
weights of the controls. The embryos of sturgeon (Aclpenser) 
suffered complete mortality at oxygen concentrations of 
3.0 to 3.5 mg/l, compared to only 18 per cent mortality at 
5.0 to 5.5 mg/l (Yurovitskii 1964).lo0 Largemouth bass 
(Micropterus salmoides) embryos reared at  25 C showed sur- 
vival equal to controls only at  oxygen levels above 3.5 mg/l 
(Dudley 1969).= Efficiency of food conversion by juvenile 

bass was nearly independent of 0 2  at 5 mg/l and higher, 
but growth rate was reduced by 16.5 per cent at  4 mg/l, 
and 30 per cent at 3 mg/l (Stewart et al. 1967).09 Simi1-- 
reductions in growth of underyearling coho salmon 
curred at the same 0 2  concentrations (Herrmann et al. 
I 962).B"Although rnany other experiments have shown 
little or no damage to performance of fish ar 4 mg/l, or 
lower, the evidence given above shows appreciable effects 
on embryonic and juvenile survival and growth for several 
species of fish sufficient to justify this value. 

Warm- and Coldwater Fishes 

There are many associations and types of fish fauna 
throughout the country. Dissolved oxygen criteria for cold- 
water fishes and warmwater game fishes are considered 
together in this report. There is no evidence to suggest 
that the more sensitive warmwater species have lower 0 2  

requirements than the more sensitive coldwater fishes. The 
difference in O z  requirements is probably not greater than 
the difference of the solubility of 0 2  in water at the maxi- 
mum temperatures to which these two kinds of fish are 
normally exposed in summer (Doudoroff and Shumway 
1970).80 In warmwater regions, however, the variety of 
fishes and fish habitats is relatively great, and there arc 
many warmwater species that are exceedingly tolerant of' 
0 2  deficiency. 

'Unusual Waters 

There are certain types of waters that naturally hav 
oxygen content, such as the "black waters" draining swa..ps 
of the Southeastern United States. (Other examples include 
certain deep ocean waters and eutrophic waters that support 
heavy biomass, the respiration of which reduces 02 content 
much of the t h e . )  A special situation prevails in the deer 
layers (hypolimnion) of some lakes. Such layers do not m i  
with the surface layers for extended periods and may havr 
reduced 02, or almost none. .Fish cannot live in the deel 
layers of many such lakes during a large part of the year 
although each lake of this kind must be considered as., 
special case. However, the recommendation that no oxygen 
consuming wastes should be released into the deep layer 
still applies, since there may be no opportunity for reaeratio: 
for an entire season. 

Organisms Other Than Fish 1 
Most research concerning oxygen requirements for fresk 

water organisms deals with fish; but since fish depend upo 
other aquatic species for food, it is necessary to considc 
the 02 requirements of these organisms. This Section mak~ 
the assumption that the 0 2  requirements of other compol 
ents of the aquatic community are compatible with fi 
(Doudoroff and Shumway 1970)   here are certain excei 
tions where exceedingly important invertebrate organisr 
may be very sensitive to low 02, more sensitive than f 
species in that habitat (Doudoroff and Shurnway 1. , 



he situation is somewhat more complicated for inverte- 
-ares and aquatic plants, inasmuch as organic pollution that 
.ur sduction of 0 2  also directly increases food material. 
o\ :, it appears equally true for sensitive invertebrates 
for fish that o ~ y  reduction of dissolved 0 2  may have de- 

terious effects on their production. For example, Nebeker 
972)e7 has found that although a certain mayfly (Ephemera 
nuians) can survive at  4.0 mg/l of oxygen for four days, 
iy reduction of oxygen below saturation causes a decrease 
successf~~l transformation of'the immature to the adult 

"e . 

rlmonid Spawning 

For spawning of salmonid fishes during the season when 
:ps are in the gravel, there are even greater requirements *i 
r O? than those given by the high level of protection. 
ice Table 111-3 for description of levels.) This is because 
le water associated with the gavel  may contain less oxygen 
lan the warer in the stream above the gavel.  There is 
mndant evidence that salmonid eggs are adverselylaffected 
direct proportion to reduction in 0 2 .  The oxygen criteria 

.r eggs should be about half way, between the nearly 
aximum and high levels of protection. 

rAFr-?% XXX-3-Guidelines for Selecting Desired Type and 
L . ?f Protection of Fish Against Deleterious EfTects of 

Reduced Oxygen Concentrations 

t ~ e l  01 protection Intandad type 01 prolaclion Ponlble appliation 

qtly Maximum. For vihually unimpaired productidly and App~nprista lor m w n h o n  arm park* a d  
unchmgad qwUIy of a flrhaq. wtar bodiss ot high or unique nlue. RE- 

g u i m ~  pnctialiy rpsaklng, that llll ls or no 
dmg(enating wastes be addad to ruhml 
watart Nor murt there be any, rcUviUm 
such a untavmble land urn which would 
reduca 0% lsvalr 

Interaction with Toxic Pollutants or Other Environmental 
Factors 

I t  is known that reduced oxygen levels increase the 
toxicity of pollutants. A method for predicting this inter- 
action has been given by Brown !1968),YY 2nd a theoretical 
background by Lloyd (1961).39 The disposal of toxic pol- 
lutants must be controlled so that their concentrations will 
not be unduly harmful at prescribed acceptable levels of 
0 2 ,  temperature, and pH. The levels of oxygen recom- 
mended in this Section are independent of the presence of 
toxic wastes, no matter what the nature of the interaction 
between these toxicants and 0 2  deficiencies. Carbon dioxide 
is an exception, because its concentration influences the 
safe level , i f  oxygen. The r'etioinrnendations for Oz are 
valid .when the C O 2  concentration is within the limits ' . 

recommende$ in the section on C02. 
' I  / 

Application of Recommendations 

As previously stated, the ;ecommendations herein differ 
in two important respects from those widely used. First, 
they are not fixed values independent of natural conditions. 
Second, they offer a choice of different levels of protection 
of fishes, the selection of any one of which is primarily a 
socioeconomic decision, not a biological one. 

Table 111-4 presents guidelines for the protection of 
fishes at each of four levels. Each column shows the level 
to which the dissolved 0 2  can be reduced and still provide 
the stated level of protection for local fisheries. The values 
can be derived from the equk&ions, given in the recommen- 
dations. These equations have been calculated to fit the 
curves shown in the figure on page 264 of Doudoroff and 
Shumway (1970),90 which serve as the basis of the recom- 
mendations. To use Table 111-4, the estimated natural 
seasonal minimum should first be determined on the basis 
of available data or from expert judgment. This may be 
taken to be the minimum satluration value for the season, 

~h. .  .. .. . . ... . . . . Not Ilkely lo aure.appraciabis ctungs in Could he appropriala for firheriel or t W U c  there is scientific evidence that losses of O2 levels 
the awqslam, nor matariai reduction 01 msystemr at some impoNnce. which 
A a  produclion. .Some lmpalrment ir rhould no1 be impaired by olher urer of prevailed The word "season" here means a 
nrked. but appredahls damale is not to water. ' period based on local climatic and hydrologic conditions, 
be sxpectsd at Vlara tsrais of oqpan. 

Idcrate .... . . .. Fisheries should ~s rc i s t  urualh wllh no Could be urad lor nrheries which ara nlued. during which the natural therma1 and dissolved O 2  regime . . ~ .  
sariour impairmant but wilh a m s  ds. but murt ~ s ~ i r t . w i l h  m i o r  lnduatriss or of a stream or lake can ' be expected to be fairly uniform. 
cruse In production. dense h u ~ n  population.' 1 

w . .  . . . . . . . . . . . . . . ~ h o u ~ d  oerm\l ths nerrirtenca ot r i m b ~ e  ~oorooriate tor fisharias that have some corn. Division of the Year into equal three-month periods, such .. . 

popukons 01 l o i n n t  rperier and IUC- mercial 01 munational nlue. 'bul.ara ro  as December-Fe'bruary, March-May, is How- 
csului p~rxage ot moat mhnntsb..Much unimportant mmprsd with other watar 
rsdursll produclion or sliminnlion 01 ran. unr, that their mintenrnrs unnol  ha a 'ever, under special conditions, the desipated 
ritira nrh i r  II~~IY. 

' 
major ohlactire of pollution contlol .be periods longer or shorter, than three months, and could 

This lyps ot prntaclion should howom, pro- 
rfdstor lurrinioluaJtirespsilar Inadult in fact be taken as individud months. The selected Geriods 
or rubadult Uta rtrlas lor short paiodr need not be equal in length. 
during B e  yur, i t  oxygen iavals at oUlar 

xati,l,don ,or nwrth, raoroda. When the lowest natural value for the season has been . - 
bon. atb . estimated, the desired kind' and level of protection should 

then be selected according to the guidelines in Table 111-3. 
Nota UUI thuecou~d ha a higher bvat ot protssbonIbt wouid raqulrs oxygento bensrr mtun i iara lda l l  limes, The recommended minimum level of dissolved oxygen may 
Was' -~~~m~mraqulreronbIblox~~nshouldnoltatlbslowVlslowaltieral~nctanrticot~sroron. then be found in the selected column of Table 111-4, or as 

0 POW m m h n r  n imo~ds,  which would rcqers at lus t  I Modenta larel 01 protasbon,tor ronsrot 
=gb given by the formula in the recommendation. ' 
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TABLE III--LExample of Recommended Minimum I t  should be stressed that the recommendations are the 
Concentrations of Dissolved Oxygen minimum values for any time during the same season. 

Eat laul~ I  m l ~ n l  Racommmdsd minimum coacantnUons of 0,Ior 
m r o m l  minimum Cmrcrponding lampsnlura 01 raiedad levels of pnlarlion 
m n a u l n U s  al a y p n - n i n l a d  lrarh wlar 
o l y ~ n  In wM N ~ r h  High Modenla Lmv 

mlxlml 

a lncludad l a  cover w l a n  Uul ara nalunily somavinl dafldanl in OL A ratunlion nlua of 5 mg/l might be 
found In w r m  IpIlngr or vsq nlins wnlarr A nluntion nlua of 1 mg/l would a~ply to w m  ran walar (32 C- 
BOO. 

Nola: The dtdrsd kind and l a r l  of prolsctlon 01 8 given body of wnler should flnt ha rtlscted (mrou hwd of 
labla). The osUmlad caasonal minimumconcantralion ol'disrolved orycan under natunl cnndltions should lhan be 
dabrmlnad an the bad1 of available bb, and l m b d  In lhs lalt hand column oI the bbib Tho raeommandsd mini- 
mum cownlnhoa of oxyln for lha msn is lhan Iakao lrom lhs labls. All n l u a  us in mlllignmr of 0% pat 
tar. Valuer lor nalunl r u a n a l  minim olhar lhan Ulow nslad 8r8 firen by the lormula and @uallfluUons in the 

mUon on rscnmmand8tionr 

Examples 

It is desired to give moderate protection to trout 
(Salvelinus fontinalis) in a small stream during the 
summer. The maximum summer temperature is 20 C 
(68 F); the salt content of tkie water is low and has 
negligible effect on the oxygen saturation value. The 
atmospheric pressure is 760 millimeters (mm) Hg. 
Oxygen saturation is therefore 9.2 mg/l. This is as- 
sumed to be the natural seasonal minimum in the 
absence of evidence of lower natural concentrations. 
Interpolating from Table 111-4 or using the recom- 
mended formula, reveals a minimum permissible con- 
centration of oxygen during the summer of 6.2 mg/l. 
If a high level of protection had been selected, the 
recommendation would have been 7.8 mg/l. A low 
level of protection, providing little or no protection 
for trout but some for more tolerant fish, would require 
a recommendation of 4.5 mgjl. Other recommen- 
dations would be calculated in a similar way for other 
seasons. 

I t  is decided to give moderate protection to large- 
mouth bass (Micro@terus salmoides) during the summer. 
Stream temperature reaches a maximum of 35 C 
(95 F) during summer, and lowest seasonal saturation 
iralue is accordingly 7.1 mg/l. The recommendation 
for minimum oxygen concentration is 5.4 mg/l. 

For low protection of fish in summer in the same 
stream described above (for largemouth bass), the 
recommendation would be 4.0 mg/l, which is also the 
floor value recommended. 

It is desired to protect marine fish in full-strength 
sea water (35 parts per thousand salinity) with a maxi- 
mum seasonal temperature of 16 C (61 F). The satu- 
ration value of 8 mg/l is assumed to be the natural dis- 
solved oxygen minimum for the season. For a high level 
of protection, the recommendation is 7.1 mg/l, for a 
moderate level of protection it is 5.8 mg/l, and for a 
low level of protection it is 4.3 mg/l. 

Recommendations 

(a) For nearly maximal protection of fish al-. 
other aquatic life, the minimum dissolved oxygen 
in any season (defined previously) should not be 
less than the estimated natural seasonal minimum . 
concentration (defined previously) characteristic of 
that body of water for the same season. In esti- 
mating natural minima, it is assumed that waters 
are saturated, unless there is evidence that they 
were lower in the absence of man-made influences. 

(b) For a high level of protection of fish, the 
minimum dissolved oxygen concentration in any 
season should not be less than $ha$, given by the 
following formula in which M =the estimated 
natural seasonal minimum concentration char- 
acteristic of that body of water for the same season, 
as qualified in (a) : 

I 

Criterion* = 1.41M -0.0476M2-1.11 

(c) For a moderate level of protection of fish, the 
minimum dissolved ' oxygen concentration in any 
season should not be less than is given by the 
following .formula with qualifications as in (b): 

Criterion* = 1.OSM - 0.0415M2- 0.202 

(d) For a low level of protection of fish, , ' 

minimum O2 in any season should not be less ti 
given by the following formula with qualifications 
as in (b) : 

Criterion* = 0.674M - 0.0264M2+0.577 

(e) A floor value of 4 mg/l is recommended except 
in those situations where the natural level of dis- 
solved oxygen is less than 4 mg/l, in which case no 
further depression is desirable. 

(f) For spawning grounds of salmonid fishes, 
higher O2 levels are required as given in the follow- 
ing formula with qualifications as in (b): 

Criterion* = 1.19M -0.0242M2-0.418 

(g) In stratified eutrophic and dystrophic lakes, 
the dissolved oxygen requirements may not apply 
to the hypolimnion and such lakes should be con- 
sidered on a case by case basis. In other stratified 
lakes, recommendations (a), (b), (c), and (d) apply; 
and if the oxygen is below 4 mg/l, recommendation 
(e) applies. In unstratified Jakes recommendations 
apply to the entire circulating water mass. 

(i) All the foregoing recommendations apply tc 
all waters except waters designated as mixing zones 

* All values arc instantaneous, and final value should be cxpr----c 
to two significant figures. 
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ee section on Mixing Zones p. 112). In locations 
here supersaturation occurs, the increased levels 
' 9- 'en should conform to the recommendations 
I liscussion of Total Dissolved Gases, p. 139. 

3TAL DISSOLVED GASES (SUPERSATURATION) 

Excessive total dissolved gas pressure (supersaturation) is 
relativcly new aspect of water quality. Previously, super- 
luration was believed to be a problem that was limited to 
c water supplies of fish culture facilities (Shelford and 
, ire 1 913).lX6 Lindroth (1 957)'" reported that spill\vays 

hydroelectric dams in Sweden caused supersaturation, 
12 recently Ebel (1969)11? and Beiningen and Ebel i1966)loS 
tablished that spillways at  dams caused gas bubble disease 
be a limiting factor for aquatic life in the Columbia and 

lake Rivers. Renfro (1963)lS3 and others reported that 
.cessive algal blooms hdve caused gas bubble disease in 
ntic water. DeMont and Miller (zn press)l1° and Maious 
al. (1972)lZ7 reported gas bubble disease among fish and 

ollusks living in the heated effluents of steam generating 
~tions. Therefore, modified dissolved gas pressures as a 
sult of dams, eutrophication, and thermal discharges 
aesent a widespread potential for adversely affecting fish 
~d aquatic invertebrates. Gas bubble disease has been 
udied frequently since Gorham (1898,11Q 18991a0) pub- 
;hed his initial papers, with the result that general knowl- 
igc of the causes, consequences, and adverse levels are 
ieo-a-te to evaluate criteria for this water quality char- 
:ti .. ( 

7as bubble disease is caused by excessive total dissolved 
is pressure but it is not caused by the dissolved nitrogen gas 
one (Marsh and Gorham 1904,128 Shelford and Allee 
3 1 3,18%nglehorn 1 943,115 Harvey et al. 1 944a,121 Doudoroff 
257,l" Harvey and Cooper 1962) . lZ3 Englehorn (1 943)116 
lalyzed the gases contained in the bubbles that were 
lrmed in fish suffering from gas bubble disease and found 
iat their gas composition was essentially identical to air. 
his was confirmed by Shirahata (1966).136 

tiologic Factors 

Gas bubble disease (GBD) results when the uncompen- 
lted total gas pressure is greater in the water than in the 
I, but several important factors influence the etiology of 
.BD. These factors include: exposure ti-me and physical 
~ctors such as hydrostatic pressure; other compensating 
rces and biological factors such as species or life stage 
~lerance or levels of activity; and any other factors that 
ifluence gas solubility. Of these factors perhaps none are 
lore commonly misunderstood than the physical roles of 
~ t a l  dissolved gas pressure* and hydrostatic pressure. The 
dlowing discussion is intended to clarify these roles. 

In this Section gas tension will be called gas pressure and tptal 
as +-- -. 'on will be.called total dissolved gas pressure (TDGP). This 
b one as a d&criptive aid to readers who are not .familiar with 

le t,--.~mology and yet need to convey these principles to laymen. 

Each component gas in air exerts a measurable pressure, 
and the sum of these pressures constitutes atmospheric or 
barometric pressure, which is equivalent per unit of surface 
area at standard conditions to a pressure exerted by a 
column of mercury 760mm high or a column of water 
about 10 meters high (at sea level, excluding water vapor 
pressure). The pressure of an individual gas in air is called 
a partla1 pressure, and in water it is called a tenszon; both 
terms are an ncknowledyen~ent that the pressure of an indi- 
vidual Fa; is crllv part of the total atmospheric pressure. 
Likewise, each component gas will dissolve in water inde- 
pendently of all other gases, and when at equilibrium with 
the air, the pressure (tension) of a specific dissolved gas is 
equivalent to its partial pressure in the air. This relationship 
is evident in Table 111-5 which lists the main constituents 
of dry air and their approximate partial pressures at sea 
level. 

When supersaturation occurs, the diffusion pressure im- 
balance between the dissolved gas phase and the atmos- 
pheric phase favors a net transfer of gases from the water to 
the air. GeneraIIy this transfer cannot he accornpIished faAt 
enough by diffusion alone to prevent the formation of gas 
bubbles. However, a gas hubl~le cannot form in the water 
unless gas nuclei are present (Evans and Walder 1969,116 
Harvey et al. 1944b12?) and unless the total dissolved gas 
pressure exceeds the sum of the compensating pressures such 
as hydrostatic pressure. Additional compensating pressures 
include blood pressure and viscosity, and their' benefits 
may be significant. 

Gas nuclei are probably unavoidable in surface water 
or in animals, because such nuclei are generated by any 
factor which decreases gas solubility, and because extreme 
measures are required to dissolve gas nuclei (Evans and 
Walder 1969 ;llWarvey et al. 1 944b).12? Therefore, hydro- 
static pressure is a major preventive factor in gas bubble 
disease. 

The effect of hydrostatic pressure is to oppose gas bubble 
formation, For example, one cannot blow a bubble out of 
a tube immersed in water until the gas pressure in the tube 
slightly exceeds the hydrostatic pressure at the end of the 
tube. Likewise a bubble cannot form in water, blood, or 

TABLE II-5-Composition of Dry Air and Partial Pressures , 

of Selected Gases at Sea Level 

Gas  molecular^ parcantape fimas almotpheric prarrura Individual garb p!anura in hlr or , 

in dry air ,' walar a1 sea 11va1 

Bluackau1(1951~~~). 
b At rtlndard conditions tuluding mrractions for wikr npru pronun 

I 
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tissue until the total gas pressure therein exceeds the sum of. 
atmospheric pressure (760mm Hg) plus hydrostatic pressure 
plus any other restraining forces. This relationship is 
illustrated in Figure 111-1 which shows, for example, that 
gas bubbles could form in fresh water to a depth of about 
one meter when the total dissolved gas pressure is equal to 
1.10 atmospheres; but they could not form below that 
point. 

Excessive total dissolved gas pressure relative to ambient 
atn~ospheric pressure, therefore, represents a greater threat 
to aquatic organisms in the shallow but importantly pro- 
ductive littoral zone than in the deeper sublittoral zone. 
For example, if fish or their food organisms remain within a 
meter of the surface in water having a total dissolved gas 
pressure of 1.10 atmospheres, they are theoretically capable 
of,developing gas bubble disease, especially if their body 
processes further decrease gas solubility by such means as 
physical activity, metabolic heat, increased osmolarity, or 
decreased blood pressure. 

Hydrostatic pressure only opposes bubble formation; it 
does not decrease the kinetic energy of dissolved gas mole- 
cules except at extreme pressures. If this were not the case, 
aerobic animal life would be eliminated at or below a water 
depth equivalent to the pressure of oxygen, because there 
would be no oxygen pressure to drive O? across the gill 
membrane and thence into the blood. For a more detailed 
discussion of this subject, the reader is referred to Van 
Liere and Stickney's (1 963)138 and Randall's (1 970a)13' 
excellent reviews. 

Gas Bubbles Callnot Furm 

- 
I lyclrfirstaiir. Prcasurc .- 
Ctrmpu~w~iat~i P I > ~ I I I  

/ - Cis Bilbblcs 11;1y F~irrn 

FIGURE III-1-Re1ationship.d Total Dissolved Gas Pressure 
.to Hydrostatic Pressure i n  Preventing Gas Bubble Formation 

A final example will clarify the importance of total dis- 
solved gas pressure. Eutrophic lakes often become super- 
saturated with photosynthetic dissolved oxygen, and such 
lakes commonly approach (or exceed) 120 per cent 
saturation values for oxygen. But this only represents 
additional dissolved gas pressure of about 32mm Hg 
(0?= 159.19 mm HgX0.2 = 31.83 rnm Hg) which equals: 

760 mm Hg+ 3 1.83 mm Hg 
= 1.041 .atmospheres of total 

760 mm Hg ' dissolved gas pressure 

This imbalance apparently can be compensated in part by 
metabolic oxygen consumption, blood pressure, or both. 
On the other hand, a 1,000-fold increase in the neon 
saturation level would only increase the total dissolved gas 
pressure by about 1.8 mm Hg or : 

1.8 mm Hg+ 760 mm Hg 
= 1.002 atmospheres 

760 mm Hg 

This would not cause gas bubble disease. 
The opposite situation can occur in spring water, where 

dissolved oxygen pressure is low and dissolved nitrogen and 
other gas pressures are high. In an actual case (Schneider 
personal co rn rnun~~a~~on) ,~~~  dissolved nitrogen was reported to 
be 124 per cent of its air saturation value, whereas oxygen 
was 46 per cent of its air saturation value; total gas pressure 
was 1.046 of dry atmospheric pressure. Fish were living in 
this water, and although they probably suffered from 
hypoxia, they showed no symptoms of gas bubble dise;. 

How dissolved gases come out of solution and . 
bubbles (cavitate) is a basic physical and physiological 
topic which is only summarized here. Harvey et al. (1 944b)= 
determined that bubble formation is promoted by boundary 
zone or surface interfaces which reduce surface tension and 
thereby decrease the dissolved gas pressure required for 
cavitation. For this reason, one usually sees gas bubbles 
forming first and growing fastest on submersed interfaces, 
such as tank walls, sticks, or the external surfaces of aquatic 
life. 

Gas nuclei are apparently required for bubble formation, 
and these are considered to be ultra micro bubbles (Evans 
and Walder 1969) .l1"hese nuclei apparently represent an 
equilibrium between the extremely high compressive energy 
of surface tensidn and the pressure of contained gases. Lack 
of gas nuclei probably accounts for instances when extremely 
high but uncompensated dissolved gas pressures failed to 
cause bubble formation (Pease and Blinks, 1947,130 Hem- 
mingsen' 1 970).lZ4 Gas nuclei are produced by anything that 
decreases gas solubility or surface tension (Harvey et al. 
1944b,lS Hills 1 967,1?5 Evans and Walder 1 969)118 and they 
can-be eliminated at least temporarily by extremely high 
pressure which drives them back into solution (Evans and 
Walder 1969) .l16 

Possible causes of gas nuclei formation in organism. :.I- 

clude negative pressures in skeletal or cardiac muscle d , 



Dissolved Cases/ 1 3 7 

rocounced activity (Whitaker et al.  1945),14' eddy currents 
: :he blood vascular system, synthetic or biologically pro- 
uc. ' -surface-active compounds, and possible salting-out 
Ffr iuring hemoconcentration (as in saltwater adap- 
.:il\n). Once a bubble has formed, it grows via the diffusion 
f 311 gases into it. 
ki.3ny factors influence the incidence and severity of gas 

~~hij ie .  disease. For example? the fat content of an animal 
::.v influence its susceptibility. This has not been studied 
I fish. bur Boycott and Damant (1908),lf16 Behnke (1942),lo2 
.lit Gersh et al. (1944)"' report that fat mammals are 
:ore susceptible than lean mammals to the "bends" in 
i:h-altitude decompression. This may be particularly sig- 
ificant to non-feeding adult Pacific salmon which begin 
ieir spawning run with considerable stored fat. This may 
Iso account in part for differences in the tolerances of 
~ffrrent age groups or fish- species. Susceptibility to gas 
ubille disease is unpredictable among wild fish, particularly 
.hen they are free to change their water depth and level of 
ctivity. 

;as Bubble Disease Syndrome and Effects 

Alrhough the literature documents many occurrences of 
as bubble disease, data are usually missing for several 
nportant physical factors, such as hydrostatic pressure, 
arometric pressure, relative humidity, Salinity, ternper- 
rurp or other factors leading to calculation of total dis- 
>I  as pressure. The most frequently reported parameter 
AS uzen the calculated dissolved nitrogen (N2) concen- 
ation or its percentage saturation from which one can 

stlmate the pressure of inert gases. Thus the reported N? 
alues provide only a general indication of the total dis- 
~Ived  gas pressure, which unfortunately tends to convey 
le  erroneous concept that Nr is the instigative or only sig- 
ificant factor in gas bubble disease. 
Gas bubbles probably form first on the esternal surfaces 

f aquatic life, where total hydrostatic pressure is least and 
rhere an interface esists. Bubbles within the body of ani- 
ials probably form later at low dissolved gas pressures, 
ecause blood pressure and other factors may provide ad- 
itional resistance to bubble formation. However, at  high 
issolved gas pressure (> 1.25 atm) bubbles in the blood 
lay be the first recognizable symptom (Schneider personal 
~ r n m u n a ~ n ~ t o n ) . ~ ~ ~ n  the case of larval fishes, zooplankton, 
r other small forms of aquatic life, the effect of external 
ubbles may be a blockage of the flow of water across the 
ills and asphyxiation or a change in buoyancy (Shirahata 
966 ) .13The  latter probably causes additional energy 
spenditure or flqatation, causing potentially lethal exposure 
3 ultraviolet radiation or potential predation. 

The  direct internal effects of gas bubble disease include a 
ariety of symptoms that appear to be related primarily to 
he 1 of total dissolved gas pressure, the exposure time, 
ncl .; rn uzuo location of lowest compensatory pressure. 

The following is a rCsum0: of Shirahata's (1966)1s%esults. 
As the uncompensated total dissolved gas pressure increases, 
bubbles begin to appear on the fish, then within the skin, 
the roof of the mouth, within the fins, or within the ab- 
domlnal cavity. Gas pockets may also form behind the eye- 
ball and cause an exophthalmic "pop-eyed" condition. 
Probably gas emboli in the blood are the last primary 
symptoms to develop, because blood pressure and plasrna 
viscosity oppose I~uhble formation. At some 3s yet undefined 
point. gas cml~oil I~ecome suficiently larqe and frequcnt 
to cause hemostasls in blood vessels, which in turn may 
cause extensive tissue damage or complete hemostasis by 
filling the heart chamber with gas. The latter is the usual 
direct cause of death. 

Exophthalmus or "pop-eye" and eye damage can be 
caused by several factors other than gas bubl~le disease 
and one should Ile duly cautious when tempred to diagnose 
gas bubble disease based solely on these criteria. While the 
above symptoms can be caused by excessive dissolved gas 
pressure (Westgard 1964),un they can also 1,e caused by 
malnutrition, abrasion, and possibly by infection. Unfortu- 
nately there is no known definitive way ro distinguish be- 
tween latent eye damage caused by previous esposure to 
excessive dissolved gas pressure and other causes. 

Secondary, latent, or sublethal effects of gas I~ubble 
disease in fish include promoting other diseases, necrosis, or 
other tissue changes, hemorrhages, I~lindness, and repro- 
ductive failure (Harvey and Cooper 1962,123 Westgard 
1964,140 Pauley and Nakatani 1967,120 and Bouck et al. 
1971).lo5 There is no known evidence that supersaturation 
causes a nitrogen narcosis in fish (such as can be experienced 
by scuba divers), as this requires high dissolved gas pressures 
probably above 10 atm. However, one can expect that fish 
afflicted with gas bubble disease or the above secondary 
effects might have their normal behavior altered. 

There is no  definitive evidence that fishes can detect 
supersaturation (Shelford and Allee 191 3),13%r that they 
actively avoid it by seeking hydrostatic pressure compen- 
sation (Ebel 1969) .llWowever, the potential capacity td 
avoid supersaturation or to compensate by sounding is 
limited among anadromous species by the necessity of 
ascending their home river and by dams with relatively 
shallow fish ladders. This inay also apply to other species 
that reproduce in or otherwise live in shallow-water niches. 
Physiological adaptation to supersaturation seems unlikely, 
and this contention is supported by the preliminary studies 
of Coutant and Genoway (1 968) .log 

Interaction between gas bubble disease and other stresses 
is highly likely but not clearly established. Fish were more 
susceptible to a given level of total dissolved gas pressure 
when wounded (Egusa 1955).l14 The thermal tolerance of 
Pacific salmon was reduced when N: levels were 125 to 
180 per cent in the case of juveniles (Ebel et al. 1971),lL3 
and when N2 levels were > 11 8 per cent in the case of adults 
(Coutant and Genoway 1 968).lo8 Chemicals or other factors 
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that influence body activity or cardiovascular activity may 
also influence blood pressure (Randall 1970b),132 and this 
would be expected to influence the degree to which the dis- 
solved gas pressure is in excess, and hence the tolerance to 
gas bubble disease. 

Variation in biological response is a prominent aspect of 
gas bubl~le disease, which should not be surprising in view 
of the numerous influential factors. Some of this variation 
might be explained by physiological differences between 
life stages or species, degree of fatness, blood pressure, 
blood viscosity, metabolic heat, body size, muscular ac- 
tivity, and blood osmolarity. For example, susceptibility to 
gas bubble disease may be inversely related to blood (or 
hernolymph) pressure. There is wide variation in blood 
pressure between life stages, between fish species, and be- 
tween invertebrate species. Based on aortic blood pressures 
alone, one can hypothesize that largemouth bass (~Microplerus 
salmozdes) might be more susceptible to gas bubble disease 
than chinook salmon (Oncorhynchus tshawytscha) if other fac- 
tors are equal. This contention is also supported by the 
observations that gas bubbles form in the blood of bullfrogs 
more easily than in rats (Berg et al. 1945),lo4 possil~ly 
because of differences in blood pressure (Brand et al. 
1951).lo7 

Tolerance to supersaturation also varies between body 
sizes or life stages; Shirahata (1966)130 relates this, in part, 
to an increase in cardiac and skeletal muscle activity. 
Larger fish were generally more sensitive to supersaturation 
than were smaller fish in most studies (Wiebe and McGavock 
1932,14? Egusa 1955,114 Shirahata 1966,1a6 Harvey and 
Cooper 1962).l" Wood (1968)143 has the opposite view, but 
he provides no supporting evidence. Possibly larger fish are 
more susceptible to gas bubble disease in part because they 
can develop greater metabolic heat than smaller fish. I n  
this regard, Carey and Teal (1 969)lD8 reported that large 
tuna may have a muscle temperature as much as 10 C above 
the water temperature. 

Data are quite limited on the tolerance of zooplankters 
and other aquatic invertebrates to excessive dissolved gas 
pressure. Evans and Walder (1 969)l1"emonstrated that 
invertebrates can develop gas bubble disease. Unpublished 
observations by Nebeker* demonstrate that Daphnia sp. and 
Gammarzls sp. are susceptible to gas bubble disease. O n  the 
other hand, it is widely known that some aquatic inverte- 
brates are capallle of die1 migrations that may expose them 
to a considerable change in dissolved gas pressure;. but 
apparently these organisms can tolerate or otherwise handle 
such changes. In  view.of the paucity of data, nothing firm 
can be said regarding the general tolerance of invertebrates 
to supersaturation. 

Analytical Considerations 

The apparatus and method of Van Slyke et al. (1934)lag 
are still the standard analytical tools for most gas analysen 
Scholander et al. (1955)laiand others have developed simi 
methods with modifications to accomodate their special 
needs. More recently, Swinnerton et al. (1962)la7 published 
a gas analysis method that utilizes gas-liquid chromatog- 
raphy. However, both of these basic methods have draw- 
backs, because they either require special expertise or do not 
otherwise meet the field needs of limnologists and fisheries 
or pollution biologists. 

A new device by Weiss* measures the differential gas 
pressure between the air and the water within fifteen 
minutes. This portable device is simple to operate, easy and 
inexpensive to build, and gives direct readings in mm Hg. 
Unpublished data by Weiss show that this instrument has 
an accuracy cornparat)le to the Van Slyke and the chro- 
matographic procedures. The instrument consists of a gas 
sensor (150 ft. coil of small diameter, thin-walled, silicone 
rubber tube) connected to a mercury manometer. The 
sensor is placed underwater where the air ih the tubing 
equilibrates with the dissolved gases in the water. The 
resulting gas pressure is read directly via the mercury 
manometer which gives a positive value for supersaturated 
water and a negative value for water that is not fully 
saturated. 

Total Dissolved Gas Pressure Criteria 

Safe upper limits for dissolved gases must be based on, 
total dissolved gas pressures (sum of all gas tensions) , 
not solely on the saturation value of dissolved nitrogen gas 
alone. Furthermore, such limits must provide for the safety 
of aquatic organisms that inhabit or frequent the shallow 
littoral zone, where an existing sup'ersaturation could be 
worsened by heating, photosynthetic oxygen production, 
or other factors. There is little information on the chronic 
sublethal effects of gas bubble disease and almost all the 
research has been limited,to species of the family Salmonidae. 
Likewise, gas tolerance data are unavailable for zooplankters 
and most other aquatic invertebrates. Therefore, it is neces- 
sary to judge safe limits from data on mortality of selected 
salmonid fishes that were held under conditions approxi- 
mating the shallow water of a hypothetical littoral zone. 
These data are: 

1. Shirahata (1966)13"eported that advanced fry of 
rainbow trout (Salmo gairdneri) esperienced 10 per cent 
mortality when Nz was about 11 1 per cent of its saturation 
value. He concludes that, ". . . the nitrogen contents which 
did not cause any gas disease were . . . less than 110 per 
cent to the more advanced fry." 

* A. V. Nebeker, Western Fish Toxicology Station, U.S. Environ- * Dr. Ray Weiss, University of California, Scripps, Institute 01 
mental Protection Agency, 200 S. W. 35th Street, Corvallis, Oregon, Oceanography, .Geological Research Division, P. 0 .  Box 109, LaJolla, 
97330. California 92037. 



Dissolved Gases;' 139 

2. Harvey and Cooper (1962)123 reported that fry of 
~ckeye salmon (Oncorhynchus ncrka) suffered latent effects 
ler-sis and hemorrhages) for some time after normal gas 
! ere said to have been restored. 
3. Coutant and Genoway (1968)lm reported that sexu- 

Ily precocious spring chinook salmon (Oncorhynchus trhawyt- 
.ha) weighing 2 to 4 kg, experienced extensive mortality 
1 six days when exposed at or above 118 per cent of N2 
ituration; these salmon experienced no mortality when 
I2  was below 1 10 per cent of saturation. 

( ,I  971)lL7 reported that fish are able to detect and to respond 
to slight gradients in carbon dioxide tension. Brinley 
(1943)ld6 and Hijgiund (1961)16' observed that fish may 
avoid free carbon dioxide levels as low as 1.0 to 6.0 mg/l. 

Elevated carbon dioxide concentrations may interfere 
with the ability of fish.to respire properly and may thus 
affect dissolved oxygen uptake. Doudoroff and Katz 
(1 950)148 and Doudoroff and Shumway (1 970)14B-reported 
that where dissolved .oxygen uptake interference does occur, 
the free carbon dioxide concentrations which appreciably 
affect this are higher than those found in polluted waters. 

Whether Or not other 'pecies Or life stages of aquatic life In  bioassay tests using ten species of warmwater fish, Hart 
lay be more or less sensitive than the above salmonids (1944)162 found that the gizzard shad (Dorosoma cepedianum) 
:mains to be proven. In the meantime, the above refer- was the most sensitive and war to remove oxygen 
nces provide the main basis for establishing the following water 50 per cent saturated with disolved oxygen in 
~ t a l  dissolved gas recommendations. . the presence of 88 mg/l of free carbon dioxide. The less 

~vailable data for salmonid fish suggest that 
.quatic life will be protected only wheri fotal dis- 
olved gas pressure in water is no greater than 110 
ler cent of the existing. atmospheric pressure. Any 
,rolonged artificial increase in total dissolved, gas 
bressure should be avoided in view of the incom- 
blete body of information. I 

:ARBON DIOXIDE 

2n dioxide exists in two major ,forms in water. I t  
na, -.iter into the bicarbonate buffering system at  various 
oncentrations depending on the pH of the water. In  ad- 
lition, "free" carbon dioxide may also exist, and tkis com- 
jonent affects the respiration of fish (Fry 1957).lS1 Because 
~f respiratory effects, free carbon dioxide is the form con- 
ldered most significant to aquatic life. 

The concentration of free carbon dioxide, where oxygen- 
iemanding wastes are not excessive, is a function of pH, 
emperature, alkalinity, and the atmospheric pressure of 
:arbon dioxide. Doudoroff (1957)ld7 reported that concen- 
rations of free carbon dioxide above 20 mg/l occur rarely, 
:ven in polluted waters; and Ellis (1937)lb0 found that the 
fee carbon dioxide content of Atlantic Coast streams ranged 
letween zero and 12 mg/l. Ellis (1937)160 and Hart (1 944)162 
loth reported that in 90 to 95, per cent of.the fresh waters 
n the United States that support a good and diverse fish 
~opulation the free carbon dioxide concentrations fall, below 
I mg/l. 

An excess of free carbon dioxide may have adverse effects 
~n aquatic life. Powers and Clark (1943)lL6 and Warren - 

sensitive, largemouth bass (Minopttrus salmoides) was unable 
to extract oxygen when the carbon dioxide level reached 
175 mg/l. Below 60 mg/l of free carbon dioxide, most 
species of fish had little trouble in extracting dissolved 
oxygen from the water. I 

High concentrations of free carbon dioxide cause pro- 
nounced increases in the minimum dissolved oxygen require- 
ment of coho salmon (Oncorhynchus kisutch), but these fish 
acclimatized rapidly to carbon dioxide concentrations as 
high as 175 mg/l at 20 C when the dissolved oxygen level 
was near saturation (McNeil 1956) .lL6 

Basu (1959)'" found that for most fish species, carbon 
dioxide affected the fishes' ability to consume oxygen in a 
predictable manner. He further indicated that temperature 
affected carbon dioxide sensitivity, being less at higher water 
temperatures. 

The ability of fish to acclimatize to increases in carbon 
dioxide concentrations as high as 60 mg/l with little effect 
has been indicated by Haskell and Davies (l958).lL3 
Doudoroff and Shumway (1970)149 indicate that the ability 
of fish to detect low free carbon dioxide concentrations, the 
presence of low carbon dioxide levels in most waters, and 
the ability of fish to acclimatize to carbon dioxide in the 
water probably prevent this constituent from becoming 
a major hazard. 

Recommendation 

Concentrations of free carbon dioxide above 20 
mg/l occur raiely. Fish acclimatize to increases in 
carbon dioxide levels as high as 60 mg/l with little 
effect. However, fish are able to detect and respond 
to slight gradients and many avoid free carbon 
dioxide levels as low as 1.0 to 6.0 mg/l. 



ACIDIN, ALKALINITY, AND pH 

NATURAL CONDITIONS AND SIGNIFICANCE The effects of pH on aquatic life have been reviewed in 

Acidity in.natural waters is caused by carbon dioxide, detail in excellent reportvby the European Inland Fisheries 

mineral acids, weakly dissociated acids, and the salts of Advisory Commission . (1 969)lW 'and Katz (1 969).161 In- 

strong and weak bapes. ~h~ alkalinity of a water is terpretations and summaries of these reviews are given in 

actually a measure of the capacity of the carbonate- Table 111-6. ' 

bicarbonate system to buffer the water against change in 
pH. Technical information on alkalinity has recently been 
reviewed by Kemp (1 971) .Ia2 

An index of the hydrogen ion activity is pH. Even 
though pH determinations are used as an indication of 
acidity or alkalinity or both, pH is not a measure of either. 
There is a relationship between pH, acidity, and alkalinity 
(Standard Methods 1971) :IE4 water with a pH of 4.5 or 
lower has no measurable alkalinity, and water with a pH 
of 8.3 or higher has no measurable acidity. In natural 
water, where the pH may often be in the vicinity of 8.3, 
acidity is not a factor of concern. In most productive fresh 
waters, the p H  falls in a range between 6.5 and 8.5 (except 
when increased by photosynthetic activity). Some regions 
have soft waters with poor buffering capacity and naturally 
low pH. They tend to be less productive. Such conditions 
are found especially in dark colored waters draining from 
coniferous forests or muskegs, and in swampy sections of 
the Southeast. For a variety of reasons, some waters may 
exhibit quite extreme pH values. Before these are considered 
natural conditions, it should be ascertained that they have 
not actually resulted from man-made changes, such as 
stripping of ground cover or old mining activities. This is 
important because the recommendations refer to estimated 
natural levels. 

TOXICITY TO AQUATIC LIFE 

Some aquatic organisms, especially algae, have been 
found to live at  pH 2 and lower, and others at pH 10 and 
higher; however, such. organisms are relatively few.' Some 
natural waters with a pH of 4 support healthy populations 
of fish and other organisms. In these cases the ,acidity is 
due primarily to carbon dioxide and natural organic acids, 
and the water has little buffering capacity. Other natural 
waters with a pH of 9.5 also support fish but are not usually 
highly productive. 

ADVERSE INDIRECT EFFECTS OR SIDE EFFECTS 

Addition of either acids or alkalies to water may be 
harmful not only by producing acid or alkaline conditions, 
but also by increasing the toxicity of various components 
in the waters. For example, acidification of water may 
release free carbon dioxide. This exerts a toxic action ad- - 
ditional to that of the lower pH. Recommendations for pH 
are valid if carbon dioxide is less than 25 mg/l (see the 
discussion of Carbon Dioxide, p. 139). 

A reduction of about 1.5 pH units can cause a thousa 
fold increase in the acute toxicity of a metallocyaniae 
complex (Doudoroff et al. 1966).ug The addition of strong 
alkalies may cause the formation of undissociated NHIOH or 
un-ionized NHs in quantities that may be toxic (Lloyd 
196 1 Burrows 1964) .InB Many other pollutants may 
change their toxicity to a lesser extent. It  is difficult to 
predict whether toxicity will increase or decrease for a 
given direction of change in pH. 

Weakly .dissociated acids and bases must be considered 
in terms of their toxicities, as well as their effects on pH 
and alkalinity. 

The availability of many nutrient substances varies with 
the hydrogen ion concentration. Some trace metals become 
more soluble at low pH. At higher pH values, iron tends 
to become unavailable to some plants, and hence the pro- 
duction of the whole aquatic community may be affected. 

The major buffering system in natural waters is the 
carbonate system that not only neutralizes acids'and bases 
to reduce the fluctuations in pH, but also forms a reservoir 
of carbon for photosynthesis. This process is indispensable, 
because there is a limit on the rate at which carbon dioxide 
can be obtained from the atmosphere to replace that in the 
water. Thus the productivity of waters is closely correlated 
to the carbonate buffering system. The addition of mineral 
acids preempts the carbonate buffering capacity, anc 





DISSOLVED SOLIDS AND HARDNESS . 

Surface water at some time and place may contain a 
trace or more of any water-soluble substance. The signifi- 
cance and the effects of small concentrations of these sub- 
stances are discussed separately throughout this Report. 
The presence and relative abundance of these constituents 
in water is influenced by several factors, including surface 
runoff, geochemistry of the watershed, atmospheric fallout 
including snow and rainfall, man-created effluents, and 
biological and chemical processes in the water itself. Many 
of these dissolved materials are essential to the life processes 
of aquatic organisms. For a general discussion of the chem- 
istry of fresh water the reader is referred to Hutchinson 
(1 957)ls7 and Ruttner (1963)."2 

A general term describing the concentration of dissolved 
materials in water is total dissolved solids. The more con- 
spicuous constituents of total dissolved solids in natural 
surface waters include carbonates, sulfates, chlorides, phos- 
phates, and nitrates. These anions occur in combination 
with such metallic cations as calcium, sodium, potassium, 
magnesium, and iron to form ionizable salts (Reid 1961).170 

Concentrations and relative proportions of dissolved ma- 
terials vary widely with locality and time. Hart et al. 
(l945)lB6 reported that in the inland waters of the United 
States which support a mixed biota, 5 per cent have a dis- 
solved solids concentration under 72 mg/l; about 50 per 
cent under 169 mg/l; and 95 per cent under 400 mg/l. 
Table 111-7 provides information on ranges and median 
concentrations of the maior ions in United States streams. 

dissolved solids that cause osmotic stress in adult fish are 
higher than the concentrations existing in most fresh waters 
of the United States. Many dissolved materials are toxic at 
concentrations lower than those where osmotic effect can 
be expected. (See Toxic Substances, p. 172, and Acidity, 
Alkalinity, and pH, p. 140.) 

Hardness of surface waters is a component of total dis- 
solved solids and is chiefly attributable to calcium and 
magnesium ions. Other ions such as strontium, barium, 
manganese, iron, copper, zinc, and lead add to hardness, 
but since they are normally present in minor concentrations 
their effect is usually minimal. Generally, the biological 
productivity of a water is directly correlated with its hard- 
ness. However, while calcium and magnesium contribu'te 
to hardness and productivity, many other elements (M:' - 
present in concentrations which contribute a substa. 
measure of hardness) reduce biological productivity and 
are toxic. Hardness per se has no biological significance 
because biological effects are a function of the specific 
concentrations and combinations of the elements present. 

The term "hardness" serves a useful purpose as a general 
index of water type, buffering capacity,' and productivity. 
Waters high in calkium and magnesium ions (hard water) 
lower the toxicity of many metals to aquatic life (Brown 
1 968;lE6 Lloyd and Herbert 1962).ln8 (See Figure 111-9 in 
the discussion of Metals, p. 178.) However,. the term 
"hardness" should be avoided in delineating water quality 

. . 
The quantity and quality of dissolved solids are major 

factors in determining the variety and abundance of plants TABLE III-7-Major Dissolved Constituents of River Waters 
Representing About 90 Percent of Total Stream Flow in the and animals in an aquatic system. They serve as nutrients United States 

in productivity, osmotic stress, and direct toxicity. A major 
change in quantity or composition of total dissolved solids Constltuant Madlln m8/1 Ran(a m(/~ 

changes the structure and function of aquatic ecosystems. 
Such changes are difficult to predict. TOM diuolvad solids. ..................... 169 

Concentrations of dissolved solids affecting freshwater ~ i ~ f b o ~ t a  (HC03 ....................... go 
............................ Sullala (504). 32 fish by osmotic stress are not well known. Mace (1953)lse Chlorida(CD .............................. 9 

and Rounsefell and Everhart (1,953)171. reported that the Caldum(cN .............................. 18 
........................ Mqnaium (MI).. 7 

........... upper limit may range between 5,000 and 10,000 mgjl total ,od,um,,dp,,iu,(,a,nd ,, 10 
dissolved solids, depending on species and prior acclimati- 
zation. The literature indicates that concentrations of totd ~ 0 ~ r m : ~ t t a r ~ 1 r t a t a ~ ( 1 8 1 5 ) 1 ~  
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~quirements for aquatic life. More emphasis should be characteristic of particular! habitats are signifi- 
laced on specific ions. cantly changed. When dissolved materials are al- 

tered, bioassays and field studies can determine 
ec rendation the limits that may be tolerated without en- 
Total dissolved materials should not be changed dangering the structure and function of the 

o the extent that the biological communities aquatic ecosystem. 



- - 

. 
OILS 

Losses of oil that can have an adverse effect on water plankton was lowest in the first four ponds of the series of 
quality and aquatic life can occur in many of the phases of ten. A "slug" of unknown toxic substance drastically re- 
oil production, refining, transportation, and use. Pollution duced the species diversitv in all ponds. Zooplankton 
may be in the form of floating oils, emulsified oils, or solution volumes increased in the latter half of the pond series, 
of the water soluble fraction of these oils. presumably as a result of decreasing toxicity. Benthic fauna 

The toxicity of crude oil has been, difficult to interpret species diversity in streams receiving oil refinery effluents 
since crude oil may contain many different organic corn- was low near the outfall and progressively increased down- 
pounds and inorganic elements. The composition of such stream as biological assimilation reduced the concentration 
oils may vary from region to region, and petroleum products of toxins (Wilhm and Dorris 1966,206 Harrel et al. 1967,18* 
produced can be drastically different in character in line Mathis and Dorris 19681g1). 
with their different intended uses (Purdy 1958) .1gn The Long-term, continuous-flow bioassays of biologically 
major components of crude oil can be categorized as ali- treated oil refinery effluents indicated that complex re- 
phatic normal hydrocarbons, cyclic paraffin hydrocarbons, fineries produce effluents which contain cumulative toxins 
aromatic hydrocarbons, naphtheno-aromatic hydrocarbons, of substances that cause accumulative deleterious effects 
resins, asphaltenes, heteroatomic compounds, and metallic (Graham and Dorris 1968).182 Subsequent long-term 
compounds (Bestougeff 1967).176 The aromatic hydro- tinuous-flow bioassays of biologically treated oil refi- 
carbons in crude oil appear to be the major group of acutely effluents indicated that passage of the effluent through acti- 
toxic compounds (Blumer 197 1 Shelton 197 l).lg9 vated carbon columns does not remove the fish toxicants. 

Because the biological effects of oils and the relative Of the fathead minnows (Pzmphales promelas) tested, half 
merits of control measures are discussed in detail in were killed in 14 days, and only 10 per cent survived 30 
Section IV (p. 257) of this Report, only effects of special days (Burks 1972?07 personal communzcatlon). Trace organic 
interest or pertinence to fresh water are discussed hei-e. compounds identified in extracts from the effluent were a 
The effects of floating oil on wildlife are discussed on p. 196. homologous series of aliphatic hydrocarbons ( C I ~ H ? ~  through 

ClaH38) and isomers of cresol and xylenol. Since the soluble 

OIL REFINERY EFFLUENTS fractions derived from oil refineries are quantitatively, and 
to some extent qualitatively, different from those derived 

Copeland and Dorris (1964)180 studied p imary  pro- from oil spills, care must be taken to differentiate between 
ductivity and community respiration in a series of oil these two sources. 
refinery effluent oxidation ponds. These ponds received 
waste waters which had been in contact with the crude oil 
and various products produced within the refinery. Surface FREE AND FLOATING OIL 

oils were skimmed. In the series of oxidation ponds, pri- 
mary productivity and community respiration measure- Free oil or emulsions may adhere to the gills of fish 
ments clearly indicated that primary producers were limited interfering with respiration and causing asphyxia. With11 
in the first ponds, probably by toxins in the water. Oxidation limits, fish are able to combat this by defensive mucou 
ponds further along in the series typically supported algal secretions (Cole 1941).lr9 Free oil and emulsions may like 
blooms. Apparently degradation of the tosic organic com- wise coat aquatic plants and destroy them (McKee anc 
pounds reduced their concentration below the threshold Wolf 1 963) .Is3 
lethal to the algae. Primary productivity was not greater Fish and benthic organisms may be affected by solubl 
than community respiration in the first ponds in the series. substances extracted frpm the oils or by coating - - 
Minter (1964)lg5 found that species diversity of phyto- emulsified ails. Water soluble compounds from crL 
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manufactured oils may also 'contain tainting substances 
which affect the taste of fish and waterfowl (Krishnawami 
ap-' Yupchanko 1969) .IE9 

icity tests for ,oily substances provide a broad i-ange 
3f r e s u l ~  which do not permit rigorous safety evaluations. 
The variabilities are due to difierences in petroleum :prod- 
ucts. tested, non-uniform testing procedures, and species 
differences. Most of the research on the effects of oils on 
aquatic life has used pure compounds which esist only in 
low percentages in many petroleum products or crude oils. 

Table 111-8 iIlustrates the range of reported toxicities. For 
halo-. nitro-, or thio-derivatives, the expected toxicity 
would be greater. 

Because of the basic difficulties in evaluating the toxicity, 
especially of the emulsified oils, and because there is some 
evidence that oils may persist and have subtle chronic 
effects (Blumer 1971),176 the maximum allowable concen- 
tration qf emulsified oils should be determined on an inai- 
vidual Imis and kept I~elow 0.05 of the 96-hour LC50 for 
sensi ci\.c species. 

TABLE II1-8-Toxicity Ranges 

C h m u l  ppm. conc Ellect Speuar Invartrgator 

. . 
. . 

. '  Aniline ................................... 319 none Daphnia marna Anderson 19441'': 
Bamns.. ............................. , . 31 96 hr LCSO Pimaphasr promahr Picksring L Hendsrmn 19E6lm~ 

7.2 96 hr LC50 10p0mis M C ~ C ~ ~ I U I  ................................................... ., 
................................................... 32 86 hr LC90 Car~r r lu r  auntur 

Crsrol .................................. 10 86 hr LC50 , Lapomls ~ t r o c h l r u r  . Cairns & Scheiar 19591" 
. Cvclohstlne .............................. 30 66 hr LCSO Pimnphalar promelas Pickenng & Handanon 1966197 

.................................................... 31 6B.M LCSD Lapomis marrorhirus . , , ,  

...... ...................... ................................................ 33 ...." .... Cansriur auralus 
4 ................................ ... ." Lebirtar retltuhlur .................................................... 

.... ................................ .................................................... EU~vlbanrans.. ............. .. ......... 40 ." Pimaphalar promelar 
29 8 ,  Lapomir macrochirus .................................................... .................................... 
73 ... ." Canu lu r  r u n t u r  .................................................... ................................ 
10 ... ................................ ." LnbIrle! ~atlculalur .................................................... 

HeCne.. ................ .. ............ 4914 i n  hr LCSO (icmbu@ clflnrr Wallan st 11. I9SPQs 
Iroprana .................................. 75 ' 98 hr LCSO Pimaplular promalas Plckenng & Hendarron 19661s 

3s ... ." ................................ Lapoms macroch~rur .................................................... 
1 110 ... ." . .  .........I.. ................... Cararriur nuratus . , ,. ..................................................... 

,. . ' ............................... .................................................... 140 . . . . ' I .  Lahirtsr raliculatus 
... ............................... . Neb. Jd ............................. 5.6 .". Lepomir m~crmhirur Cairns L'Schsier 19JOl77 

6.61.1 ... ." .. .......... Phymlhstsrorlropha ..................................................... ................... 
Na~hthrkne.. ............................ 165 40 M LC50 Olmbui8 anlnir ' ~ i l l l / n e t a l .  l 6 V o b  

............................................................................................................................ TOlWna.. ................................. 1260 8 ,  , 

44 98 hr LCllO Pimaqhalss promelar Plckarlng L Handnrron 1966ln 
24 ................... ... .". ........ .:.. Lapomir macrochlruc .................................................... 

. 62 ." .:. ............. Canrriur 8untu1 ... ................ .................................................... 
66 .... .............................. ". Labir ta ratkulalur .................................................... 

CroUU8.. ................................ B1 40 hr LC50 Alan 18pidIsrrma T a g a  19613aa 
40 96 hr LC50 Salmo gairdnafl , Marnek st  81.19561M 

96 hr LC50 Salmo plrdnari  ............................. Turnbull d ai. 19542a C m n l  52 14.~00 
Dinsal lual ................................ 181 48 hr LC50 Aion npidi tnmia Taptz 19612m 
Bunker oil .............................. ... 2411 ."... AIou upidirr ima .................................................... ................................. 
Bunker C oi l  .............................. 1100 168 hr LC50 Salmo u ia r  

, . Spngus ahd Carron nunurnipt t97tn~Q 
. . .  

SEDIMENTED OIL 

Ludzack et al. (1957)Ig0 found that the sediment in the 
Ottawa River in Ohio downstream from a refinery consisted 
of up to 17.8 per cent oil. Hunt (1957)lR7 and Hartung and 
Klingler (1 968)lR5 reported on the occurrence of sedimented 
oil in the Detroit River. ~ o r t h '  et al. (1965)lg6 found sedi- 
mented oils after an oil pollution incident in marine coves 
in Baja California. Forbes and Richardson (1 91 3)181 re- 
ported 2.5 per cent oils in the bottom deposits of the Illinois 
River. McCauley (1964)lQ2 reported finding oily bottom 
de ;ts after oil pollution near Boston. Thus, while the 
r 3 may be scattered, the evidence is clear that the 

existence of sedimented oils in association with oil pollution 
is widespread. 

There is an increasing body of evidence indicating that 
aliphatic hydrocarbons are synthesized by aquatic organisms 
and find their way into sediments in areas which have little 
or no history of oil pollution (Han et al. 1968,Is3 Avigan 
and Blumer 196817'). Hydrocarl~ons have heen reported in 
the recent sediments of lakes in blinnesota (Swain 1956)z02 
and the Gulf of Mexico (Stevens et al. 1956).?01 

Areas which contain oily sediments usually have an im- 
poverished benthic fauna; it is not clear to what estent oil 
contributes to this, because of the presence of other pol- 
lutants (Hunt 1962) .Ia8 However, there are recurring reports 

I 
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of a probable relationship between sedimented oils and 
altered benthic communities. Sedimented oils may act as 
concentrators for chlorinated hydrocarbon pesticides (Har- 
tung and Klingler 1970),18%ut the biological implications 
indicate that additional study is required. 

Because of the differences in toxicities of sedimented oils 
and because of limited knowledge on quantities which are 
harmful to aquatic life, it is suggested that the concentration 
of hesane extractable substances (exclusive of elemental 
sulfur) in air-dried sediments not be permitted to increase 
above 1,000 mg/kg on a dry weight basis. 

Recommendations 

Aquatic life and wildlife should be protected 
where : 

there is no visible oil on the surface; 
emulsified oils do not exceed 0.05 of the 96-hour 
LC50; 
concentration of hexane extractable substances 
(exclusive of ,elemental sulfur) in air-dried sedi- 
ments does not increase above 1,000 mg/kg on a 
dry weight basis. 



TAINTING SUBSTANCES 

Discharges from municipal wastewater treatment plants, 
a .variety- of industrial wastes and. organic 'compounds,. as 
well as biological organis~~s ,  can impart objectionable taste, 
odor,' or color to the flesh of fish and other edible aquatic 
organisms. Such tainting can occur in waters with concen- 
trations of the offending material lower than those recog- 
nized as being harmful to an animal (Tables 111-9 and 
111-10). 

and methylnaphthalene (phenolated compounds). They 
concluded that other hydrocarbons in the oils were more 
responsible for imparting off-flavor than the phenolic ma- 
terials in the two naphthalenes tested. 

Refirieries (Fetterolf 1962),215 oily wastes (Zillich 1969),2s6 
and crude oil (Galtsoff et al. 1935)218 have been associated 
with off-flavor problems of fish and shellfish in both fresh- 
water and marine situations (Westman and Hoff 1963).2a4 
Krishnawami and Kupchanko (1969)?2s demonstrated that 
rainbow trout (Salmo gairdneri) adsorbed enough compounds 
from a srream with oil slicks and oil refinery 

Thaysen (1935)1" and and Pentelow (1936)232 effluents to exhibit a definite oily taste and flavor. In waters 
demonstrated that a muddy or earthy taste can be imparted 

receivins Llack liquor from kraft pulp mills, the gills and 
to the flesh of trout by material produced by an odiferous 

mantles of oysters developed a g a y  color (Galtsoff et al. 
F '2s of Actznomyces. Lopinot (1962)?" reported a serious 1947).2"J The authors also found this condition in oysters 
I .nd municipal water supply tainting problem on the grown in waters receiving domestic sewage. Newton 
Mississippi River in Illinois during a period when actino- 

(1967)237 confined trout in live-cages and correlated inten- 
mycetes, Oscillatorta, Scenedesmus, and Actinastrum were abun- 
dant: Oscillatoria princeps and 0,. agardhi in plankton of a 
German lake were reported by Cornelius and Bandt 

TABLE III-9-Wastewaters Found to have Lowered the (1933)213 as causing off-flavor in lake fish. Aschner et al. Polatobility of Fish Flesh 
(1967)210 concluded that the benthic alga, 0 .  tenuis, in 
rearing ponds in Israel was responsible for imparting such 
a bad flavor to carp (Gprintc~ carpio) that the fish were 
unacceptable on the market. Henley's (1970)221 investigation 
of odorous metabolites of Cyanophyta showed that Anabaena 
circinalis releases geosmin and indicated that this material 
was responsible for the musty or earthy odor often char- 
acteristic of water from reservoirs with heavy algal growths 
in summer and fall. 

Oysters occasionally exhibir green coloration of the gills 

Concanlntion in 
~8110walar rouns water allacting Spsuas 

palabbillty 01 flrh 

..... .... 2.4-0 m l ~ ,  plant.. :. 50-100 mg/l Troul 
................. Cmt-coking 0.01-0.1 mg/l Frarhwalar flrh 

Cml-lar.. 0.1 m ~ / t  Frarhwatar flrh .................. 
...... Knlt p r m r r  (unlraatsd) l-Zyo by voL Salmon 

Knit  grocarr (traatad)'. ....... Clvo by mL Salmon 

................ Knlt and naulral rulOla Trout 

Shumway 196P11 
Bandl 1955?11 
Band1 1955?11 
Shumway and Chadwick 

1971U' ' 

S h u m w  and Palanrky, un. 
publ~thad damm 

Nlnvlon 1967n' 

due to absorption of the blue%reen p i p e n t  of the diatom> 
runon, , .-, ,., , , , , . , , , , , ,; , , , , chmnel nl,,rh T h a m  m d  Hicks 1911~~1 

~vavicula,. (Ranson 1927) (Ichlurur punctrtur) 
Municipal unlrcatad rawaga ................ Channai catflsh Thomas and Hicks 1971:u 

TAINTING CAUSED BY CHEMICALS 
(2 locationr) 

Municipal wartewatar ................ 
lrartrnanl niantr (1 locationr~ 

Chmnal calflrh Thomar and Hids  1971rl* 

r -  , 

Phenolic compounds are often associated with both water 
M ~ ~ ~ ~ ~ n ~ ~ ~ ~ $ m u ~  

ll-137c by voL Frsrhwtar Orh Shumway and Palanrky, un. 
pubbrhad dab118 

and fish tainting problems (Table 111-9). However, Albers- Muniuml wartawatsr . ID-2wz, by "01. Frarhwllar 0111  humw way and Palenrky, un. . . .  - - 
mdyer' (1 95.7)?08 and ~ l b e r s m e ~ e r  and- Erichsen (1 959)20'~ "nt(~acOndarl) . ' :published d a W r  

Oiiy wartar.. ................................ Trout Zillich 1BGB~'~ 
found that, after being dephenolated, both a 'carbolated oil  RE^,,, ..................................... Trout FattCrolllB6FI6 
: light oil still imparted a taste to fish more pronounced S * W I ' C D ~ ~ ~ ~ ~ I  ~hnnolr..... 0.1 ml/ l  FrarhWtarhh Bandl 1BH?l' 

................ Slru~hlarhouraa (2 lmtionr). Cbnnel calflrh Thomas and Hicks 1971nr 
A . that produced by similar exposures to naphthalene 



148/Section III-Freshwater Aquatic Life and Wildlife 

TABLE 111-10-Concentrations of Chemical Compounds -in copper content of normal-colored oyster flesh from uncon- 
Water ,That Can Cause Tainting of the Flesh of Fish and taminated areas varied from 0.170 to 0.214 mg copper per 

Other Aquatic Organisms oysrer,.or from 8.21 to 13.77 mg per 100 grams dry weight 

bbmatad lhrashold level in m l e r  Relarenee' 
(Galtsoff and Whipple 193 tlaO Galtsoff 1 964217). Oystei 

Chem~ml 
(mr/l) gro~ving in adjacent areas slightly contaminated with copper 

........ ......................... acstophanone .: 

................................... acrylonilrile.. 
crasol. ......................................... 

...................................... m-crasol.. 
....................................... o.crasol. 

p.craol. ....................................... 
cresylic acid (meta para). ......................... 

............................... H-hulylmarcapten 
.............................. 0 . ~ 8 ~ .  butylphenol. 
............................. ptsr t  butlphenol.. 

o.chloropheno1.. ........................ .: ....... 
pchlorophenol .................................. 

.............................. 2.3~dichlorophenol. 
2.4.dichlorophenol. .............................. 

, 2.5.dirhlorophenoI.. ............................. 
2.6.dichlorophenol.. ............................. 

....................... 2-methyl, 4.chlorophenol.. 

....................... 2.msthyl, Cchlorophenol.. 
n-phanylphanol.. ................................ 

.......................... 2.4.6~trlchlorophenP1.. 
. phenol. ........................................ 

........................ phln0ll in ~ollutsd river.. 
diphenyl oxlda. ................................. 
/3,B.diohlorodiethyi ether.. ..................... 

............................... o~dichlorobenzene 
ethylben~ens.. .................................. 

.. .............. ........ aVunethioI.. .... ... 
sthylatrybts.. .................................. 
lormaldahyde ................................... 
kuosane ....................................... 
ksrossna plus kaolin .............................. 

................................ iropropylbsnzene 
naphtha. ........................................ 
naphlhrlsna .................................... 
naphthol.. ...................................... 
2.~phlh0I. .  .................................... 
dimelhyhmlns .................................. 

.............................. a-mslhylrtyrsne.. 
............................... oil, amuldLble.. 

pyridlna ........................................ 
pyrocatachol .................................... 
pyrogallol.. ..................................... 
quinoline ....................................... 
pquinona.. ..................................... 
slyrene.. ....................................... 
tolusna.. . . . . . . . .  ;. ............................. 

...... ......... outboard motor fuel, as elhausl.. ;. 
guaicol ........................................ 

Rsfarance key: 
a Bandt 1955111 
b Baetius 1954rr2 
c English etal. 1863114 . 
d felternlf t961na publifhed Ihs results at A. W. Winston. Jr. of the Dow Chemical Company. The dab are 

rlso available in an undalsd mmeofnphed release of the company 
e Schuke 1961s) 
I Shumway 196P18 
g Shumway, D. L m d  J. R PPlenrky.~" unpublished dab (1971). 
h Surber. e l  al. 19652'" 
i Weslman and Holl 1963uJ . ' 

sity of off-flavor with proximity to the discharge of a paper 
mill using both the neutral sulfite and kraft processes. 

Shellfish have the ability to concentrate and store metals 
at levels greater than the concentrations in the water (see 
Section I, pp. 36-37, and Section IV, p. 240). Oyster flesh 
can become green-colored from copper accumulation. The. 

salts had green-colored flesh and contained from 1.27 to 
2.46 mg copper per oyster, or from 121 to 271 mp per 100 
grams dry weight. 

If an effluent containing a variety of components is as- 
sociated with a tainting problem, identification of the taint- 
producing component or components is necessary for effi- 
cient isolation and removal in waste treatment. For ex- 
ample, Shumway (1966)22s exposed salmon to various con- 
centrations of wastes and waste components discharged 
from a plant producing pesticides. Although concentrations 
of.the combined wastes at about 50 to 100 mg/l were found 
to impart ol2jectionable flavor to test fish, one of the major 
components of the plant waste, 2,4-dichlorophenol, was 
found capable of impairing flavor at exposure levels of 
about 1 to 3 pg/l. 

A preliminary laboratory study (English et al. 1963)?14 
showed that outboard motor exhaust damages the quality 
of water in several ways, the most noticeable of which are 
unpleasant taste and odor in the water and off-flavoring 
of fish flesh. -4 later field study (Surber et al. 1965)Z5O 
determined the threshold level of tainting of fish in pond 
and lake waters to be about 2.6 gal/acre-foot of fuel as 
eshaust, accumulating over a 2-month period. The gasoline 
used was regular grade, and the lubricating oil (% pint/g; 
was a popular I~rand of packaged outboard motor oil. 

UPTAKE AND LOSS OF FLAVOR-IMPAIRING 
MATERIALS 

Experiments involving method and rates of uptake and 
loss of flavor-impairing materials by aquatic organisms 
have been reported by few investigators. From data avail- 
able it is obvious that rates are highly variable. Thaysen 
.and Pentelow (1936)292 exposed trout to extract from 
odoriferous Acltnomyces. They showed that fish esposed to 
10 ppm of extract acquired an off-flavor in one hour. 
The exposed fish were also removed and held in uncontami- 
nated water for periods up  to five days. The level of tainting, 
which showed no diminution after 27 hours, became less 
marked after 3- to 3 days, and no tainting could he detected 
after 5 days in fresh water. 

Shumway and Palensky (unpublished dala)"O exposed trout 
to three separate concentrations of each of the following 
chemicals, o-cresol, 2,4-dichlorophenol, pyridine, and 
n-butylmercaptan, for periods up to ,168 hours. With all 
four chemicals, niaximum off-flavor generally occurred in 
33.5 hours or less. In a few exceptions, a gradual increase 
in off-flavor appeared to occur with increasing time up to 
168 hours, although the magnitude of increase in off-fla-. 
with time was minor in nature. In  tests with o-chlorophe. 



Boetius (1954)2u reported that eels required up to 11 days 
exposure before flavor impairment was detected. The time 
rf '-ed to impair flavor was found to be related to the 
e. Ire concentration, with low concentrations requiring 
longer exposure periods. 

Shumway (1966)nS found that the flesh of salmon exposed 
experimentally to industrial wastes containing mainly phe- 
nols acquired maximum off-flavor in 35 hours or less, with 
much of the rainting occurring within the first 6 hours. 
After the salmon were transferred to uncontaminated water, 
most of the acquired off-flavor was lost within 20 hours, 
although some off-flavor remained up to 72 hours. 

In other tests, Shumway and Palensky (unpublished dat~)23~ 
observed flavor impairment in trout after 24-hour exposure 
to 2,4-dichlorophenol. -4fter only 33.5 hours in uncontami- 
nated water, the flavor of the trout had returned to the 
preexposure 'level, with most of the reduction in off-flavor 
occurring within 6.5 hours. 

Korschgen et al. (1970)m transferred carp (Cyprinus 
carpio) to uncontaminated ponds from two sites, one of 
which received effluents from' a major municipality and one 
of which received little or no effluent. Retention up to 18 
days-in the holding ponds failed to improve the flavor of the 
carp from the contaminated site. These authors also re- 
ported that channel catfish (Ictalwus punctatus) transferred 
from the Ohio River to control water lost about half of 
their off-flavor in 7 days and nearly all of it in 21 days. 

. . 

li ' IFICATION OF CAUSES OF OFF-FLAVORED 
ORGANISMS 

Determination that a tainting problem exists, or identifi- 
cation of a taint-causing material, involves field or labora- 
tory exposure periods and organoleptic tests. When properly 
conducted, these tests are reliable but time-consuming. 
Wright (1966)2a5 rrkported on the use of gas chromato&aphy 
in conjunction with organoleptic tests. The chrornat~gr'a~hic 
scans were compared with scans of industrial process waste 
streams to identify the taint-producing wastes. Gas chro- 
matographic techniques are employed routinely in food 
technology laboratories investigating flavor and odor prup- 
erties (Rhoades and Millar 1965) .226 

EXPOSURE AND ORGANOLEPTJC TESTS 

Field exposure tests (bioassays) are used to determine 
the existence or the magnitude of a tainting problem in a 
water body. Fish or other edible aquatic life are held for a 
period of time in cages at  selected locations in and around 
a suspected problem area or waste discharge and eventually 
evaluated for flavor. Laboratory bioassays are normally 
utilized to determine the tainting potential of wastes, waste 
comDonents, or specific chemicals. ,Although either static 
c tinuous-flow bioassays can be used in laboratory tests, 
co. ..nuous-flow systems are considered far superior to static 

tests. Exposure bioassays are followed by the organoleptic 
evaluation of the flesh of the test organisms. 

In their studies of tainted organisms, investigators have 
used a number of different bioassay and flavor-evaluation 
procedures, some of which have produced poorly defined 
results. The following guidelines are based primarily on the 
successful p'rocedures of Shumway and Newton (personal 
commz~nications) .298 

Test Fish 

The flesh of the fish to Ile exposed should be mild and 
consistent in flavor. For convenience in holding and taste 
testing, fish weighing between 200 and 400 grams are de- 
sirable, although smaller or larger fish are acceptable. 
Largemouth bass (Microp~erus salmoides), yellow perch (Perca 
javescens), channel catfish, bluegill (Lepomis macrochirus), 
trout, salmon flatfishes (Pleuronectiformes), and others have 
proven to be acceptable test fish. 

Exposure Period 

In general, test fish should be exposed for a period not 
less than 48 hours. Shorter or longer exposures will be 
advisable in some situations, although possible stress, disease, 
and mortality resulting from longer retention of test fish 
and maintenance of holding facilities may negate advantages 
of long exposure. 

Exposure Conditions 

The following conditions are desirable' in laboratory 
bioassays : 

Dissolved oxygen. . . . . . . .near saturation 
Temperature. . . . . . . . . . . 10-15 C for salmonids, and 

20-25 C for warmwater fish 
pH.  . . . . . . . . . . . . . . . . . . .6.0-8.0, or pH of receiving 

water 
Light. . . . . . . . . . . . . . . . . .intensity held at a low level 
Water. . . . . . . . . . . . . . . . .uncontaminated, or quality 

of the receiving water; never 
distilled water 

Preparation of Test Fish and Evaluation 

Exposed fish and control fish, either fresh or fresh-frozen 
and subsequently thawed, are individually double-wrapped 
in aluminum foil, placed In an oven and 'cooked at about 
375 F for 15 to 30 minures, as size requires. Large fish may 
be portioned for cooking. No seasoning of any kind is 
added. Portions ofthe cooked fish may be placed in small 
coded cups and' served warm to the judges for flavor evalu- 

a t ion .  h known "reference" may be prgvided to aid judges 
in making comparisons. A minimum of ten experienced 
judges, each seated in an isolation booth or similar area, 
smell, taste, and score each sample. This method offers 
tighter control of variables and conforms more to off-flavor 
evaluations conducted in food laboratories than the more 
informal procedure below. 
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An alternative method is to place the cooked fish, still 
partially wrapped in foil to preserve the heat and flavor, 
on a large table. The judges start concurrently and work 
their way around the table, recording aroma and flavor. 
If a judge tastes more than six samples during a test, a 
lessening of organoleptic acuity may occur. 

When investigating the potential of a substance to pro- 
duce taint, a word-evaluation scale for intensity of off-flavor 
ranging from no off-flavor to extreme off-flavor, has proven 
successful with trained, experienced judges. Numerical 
values from 0 to 6 are applied to the word scale for deri- 
vation of off-flavor indices and statistical evaluation. 

When using the above method, less experienced judges 
tend to over-react to slight off-flavor. For this reason, in 
less formal tests evaluating the effect of a substance on the 
palatability of the organism, an-hedonic scale accompanied 
by word-judgments describing palatability is appropriate, 
i.e., O-excellent, 1-very good, 2-good, 3-fair, &just 
acceptable, 5-not quite acceptable, 6-very poor, inedible, 
and 7-extremely poor, repulsive. Scores of the judges on 
each sample are averaged to determine final numerical or 
word-judgment values. 

To determine whether there are acceptability differences 
between controls and test organisms, a triangle test may be 
used in which two samples are alike and one is different. 
Judges are asked to select the like samples, to indicate the 

degree of difference, and to rate both the like and the odd 
samples on a preference scale. 

STATISTICAL EVALUATION 

The triangle test is particularly well adapted to statistical 
analysis, but the organoleptic testing necessary is more 
extensive than when hedonic scales are used. 
Application of the two-way analyses of variance to 

hedonic-scale data is an acceptable test, but professional 
assistance with statistical procedures is desirable. Reliance 
on the word-judgment system is sufficient for general infor- 
mation purposes. 

Recommendations 

To prevent tainting of fish and other edible 
aquatic organisms, it is recommended that sub'- -' 
stances which cause tainting should not be pres- 
ent in water in concentrations that lower the 
acceptability of such organisms as determined 
by exposure bioassay and organoleptic tests. 
Values in Tables 111-9 and 111-10 are recom- 
mended as guidelines in determining what con- 
centrations of wastes and substances in water 
may cause tainting of the flesh of fish or other 
aquatic organisms. 



MEAT AND TEMPERATURE 

Living organisms do not respond to the quantity of heat 
but to degrees of temperature or to temperature changes 
caused by transfer of heat. The importance of temperature 
to acquatic organisms is'well known, and the composition 
of aquatic communities depends largely on the temperature 
characteristics of their environment. Organisms have upper 
and lower thermal tolerance limits, optimum temperatures 
for growth, preferred temperatures in thermal gradients, 
and temperature limitations for migration, spawning, and 
egg incubation. Temperature also affects the physical 
environment of the aquatic medium, (e.g., viscosity, degree 
of ice cover, and oxygen capacity. Therefore, the com- 
position of aquatic communities depends largely on tem- 
perature characteristics of the environment. In recent 

there has been an accelerated demand for cooling - 
b-.crs for power stations that release large quantities of 
heat, causing, or thfeatening to cause, either a warming of 
rivers, lakes, and coastal waters, or a rapid cooling when the 
artificial sources of heat are abruptly terminated. For these 
reasons, the environmental consequences of temperature 
changes must be considered in assessments of water quality 
requirements of aquatic organisms. 

The "natural" temperatures of surface waters of the 
United States vary from 0 C to over 40 C as a function of 
latitude, altitude, season, time of day, duration of flow, 
depth, and many other variabies. The agents that affect 
the natural temperature are so numerous that it is unlikely 
that two bodies of water, even in the same latitude, would 
have exactly the same thermal characteristics. Moreover, a 
single aquatic habitat typically does not have uniform or 
consistent thermal characteristics. Since all aquatic or- 
ganisms (with the esception of aquatic mammals and a 
few large, fast-swimming fish) have body temperatures that 
conform to the water temperature, these natural variations 
create conditions that are optimum at  times, but are 
generally above or below optima for particular physio- 
logical, behavioral, and competitive functions of the species 
present. 

Because significant temperature changes may affect the 
3osition of an aquatic or wildlife community, an 

. ,ced change in the thermal characteristics of an eco- 

system may be detrimental. On the other hand, altered 
thermal characteristics may be-beneficial, as evidenced in 
most fish hatchery practic~s and at other aquacultural 
facilities. (See the discussion of Aquaculture in Section IV.) 

The general difficulty in developing suitable criteria for 
temperature (which would limit the addition of heat) lies 
in determining the deviation from "natural" temperathre a 
particular body of water can esperience without suffering 
adverse effects on its biota. Whatever requirements are 
suggested, a "natural" seasonal cycle must be retained, 
annual spring and fall changes in temperature must be 
gradual, and large unnatural day-to-day fluctuations 
should be avoided. In view of the many variables, it seems 
obvious that no single temperature requirement can be 
applied uniformly to continental or large regional areas; 
the requirements must be closely related to each body of 
water and to its particular community of organisms, 
especially the important species found in it. These should 
include invertebrates, plankton, or other plant and animal 
life that may be of importance to food chains or othenvise 
interact with species of direct interest to man. Since thermal 
requirements of various species differ, the social choice of 
the species to be protected allows for different "levels of 
protection" among water bodies as suggested by Doudoroff 
and Shumway (1970)"? for dissolved oxygen criteria. (See 
Dissolved Osygen, p. 13 1 .) Although such decisions clearly 
transcend the scientific judgments needed in establishing 
thermal criteria for protecring selected species, biologists can 
aid in making them. Some measures useful in assigning 
levels of importance to species are: (1) high yield to com- 
mercial or sport fisheries, (2) large biomass in the esisting 
ecosystem (if desirable), (3) important links in food chains 
of other species judged important for other reasons, and 
(4) "endangered" or unique status. If it is desirable to 
attempt strict preservation of an existing ecosystem, the 
most sensitive species or life stage may dictate the criteria 
selected. 

Criteria for making recornmendations for water tem- 
perature to protect desirable aquatic life cannot be simply a 
maximum allowed change from "natural temperatures." , 

This is principally because a change of even one degree from 
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an ambient temperature has varying significance for an 
orgarlism, depending upon where the ambient level lies 
within the tolerance range. In addition, historic tempera- 
ture records or, alternatively, the existing ambient tempera- 
ture prior to any thermal alterations by man are not always 
reliable indicators of desirable conditions for aquatic 
populations. Multiple developments of water resources also 
change water temperatures both upward (e.g., upstream 
power plants or shallow reservoirs) and downward (e.g., 
deepwater releases from l a r ~ e  reservoirs), so that "ambient" 
and "natural" are esceedingly difficult to define at a given 
point over periods of several years. 

Criteria for temperature should consider both the multiple 
thermal requirements of aquatic species and requirements 
for balanced communities. The number of distance requirp- 
ments and the necessary values for each require periodic 
reesamination as knowledge of thermal effects on aquatic 
species and communities increases. Currently definable 
requirements include : 

masimum sustained temperatures thht are con- 
sistent with maintaining desirab1.e levels of pro- 
ductivity: 
masimum levels of metabolic acclimation to warm 
temperatures that will permit return to ambient 
winter temp,eratures should artificial sources of 
heat cease ; 
temperature limitations'for survival of brief esposures 
to temperature extremes, both upper and lower; 
restricted temperature ranges for various stages of 
reproduction, including (for fish) gonad growth and 
gamete maturation, spawning migration, release of 
gametes, development of the embryo, commence- 
ment of independent feeding (and other activities) 

. by juveniles; and temperatures required for meta- 
morphosis, emergence, and other activities of lower 
forms ; 

. thermal limits for diverse compositions of speciesof 
. aquatic communities, particularly where reduction 

in di.versity creates nuisance growths of certain 
organisms, or where important food sources or 
chains are altered; 
thermal requirements of downstream aquatic life 
where upstream warming of a cold-water source will 
adversely affect downstream temperature require- 
ments. 

Thermal criteria must also be formulated with knobvledge 
of how man alters temperatures, the hydrodynamics of the 
changes, and how the biota can reasonably be espected to 

, interact with the thermal regimes produced. I t  is not 
sufficient, for esample,. to define only the thermal criteria 
for sustained production of a species in open waters, because 
large numbers of.organisms may also be exposed to thermal 
changes by being pumped through the condensers and 
mixing zone of a power plant. Design engineers need 

particularly to know the biological limitations to their 
design options in such instances. Such considerations may 
reveal nonthermal impacts of cooling processes that mav 
outweigh temperature effects, such as impingement of fis, 
upon intake screens, mechanical or chemical damage to 
zooplankton in condensers, or effects of altered current 
patterns on bottom fauna in a discharge area. The environ- 
mental situations of aquatic organisms (e.g., where they 
are, when they are there, in what numbers) must also be 
understood. Thermal criteria for migratory species should 
be applied to a certain area only when the species is actually 
there. Although thermal effects of power stations are 
currently of great interest, other less dramatic causes of 
temperature change including deforestation, stream chan- 
nelization, and impoundment of flowing water must be 
recognized. . . . . . a ,  ,.( . 

DEVELOPMENT OF CRITERIA 

Thermal criteria necessary for the protection of species or 
coxmunities are discussed separately below. The order of 
presentation of the different criteria does not imply priority 
for any one body of water. The descriptions define preferred 
methods and procedures for judging thermal requirements, 
and generally do not give numerical values (except in 
Appendis 11-C). Specific values for all limitations would 
require a biological handbook that is far beyond the scope 
of this Section. The criteria may seem complex, but they 
represent an extensively developed framework of know led^ 
about biological responses. (A sample application of the. 
criteria begins on page 166, Use of Temperature Criteria.) 

' TERMINOLOGY DEFINED 

Some basic thermal responses of aquatic organisms will 
be referred to repeatedly and are defined and reviewed 
briefly here. Effects of heat on organisms and aquatic 
communities have been reviewed periodically (e.g., Bullock 
1 955,2a9 Brett 1956 ;253 Fry 1 947,276 1964,278 1967 ;279 Kinne 
1970?9G). Some effects have been analyzed in the context of 
thermal modification by power plants (Parker and Krenkel 
1969 ;308 Krenkel and Parker 1969 ;298 Cairns 1968 ;26L Clark 
1969 ;283 and Coutant 1 970cZ8'). Bibliographic information 
is available from Kennedy and Mihursky (1967),?94 Raney 
and Menzel (1969),3L3 and from annual reviews published 
by the Water Pollution Control Federation (Coutant 
1 968,2G5 1 969,266 1 970a,267 197 lZ7O). 

Each species (and often each distinct life-stage of a species) 
has a characteristic tolerance range of temperature as a 
consequence of acclimations (internal biochemical adjust- 
ments) made while at previous holding temperature (Figure 
111-2; Brett 1956"j3. Ordinarily, the ends of this range, or 
the lethal thresholds, are defined by survival of 50 per cent 
of a sample of individuals. Lethal thresholds typically are 
referred to as "incipient lethal temperatures," and te 
perature beyond these ranges would be considered "L 
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iltule." The tolerance range is adjusted upward by ac- 
clunation to warmer water and downward to cooler water, 
alt' .e;h there is a limit to such accommodation. The 
I6 :nd of the range usually is at zero degrees centigrade 
.:32 F) for species in temperate latitudes (somewhat less for 
saline waters), while the upper end terminates in an 
"u!timate incipient lethal temperature" (Fry et al. 1 946s1). 
Ti~i.; ultimate threshold temperature represents the "break- 
ing point" between the highest temperatures to which an 
lnimal can be acclimated and the lowest of the extreme 
.emperatures that will kill the warm-acclimated organism. 
. b y  rate of temperature change over a period of minutes 

Ultimate incipient lethal tcmpernture 

lethal threshold 5% 

Acclimation temperaturc-Centigrade 

Acclimation temperature 

. 24' 

Time to 50% mortality -Minutes 

. I 

After Brett 1952 252 ' 

FIGURE III-3-Median resistance times to high tempera- 
tures among young chinook (Oncorhynchus tshawytscha) 
acclimated to temperatures indicated. Line A-B denotes 
rising lethal threshold (incipient lethal temperatures) with 
increasing acclimation temperature. This .rise eventually 
ceases at the  ult imate,  lethal threshold (ultimate upper 
incipient lethal temperature), line B-C. 

to a few hours will not greatly affect the thermal tolerance 
limits, since acclimation to changing temperatures requires 
several days (Brett 1941) .251 

At the temperatures above and below the incipient lethal 
temperatures, survival depends not only on the temperature 
but also on the duration of exposure, with mortality oc- 
curring more rapidly the farther the temperature is from 
the threshold (Figure 111-3). (See Coutant 1 970a267 and 
1970b268 for further discussion based on both field and 
laboratory studies.) Thus, organisms respond to extreme 
high and low temperatures in a manner similar to the 
dosage-response pattern which is common to toxicants, 
pharmaceuticals, and radiation (Bliss 1937)."9 Such tests 
seldom e ~ t e n d  beyond one week in duration. 

After Brett 1960 254 MAXIMUM ACCEPTABLE TEMPERATURES FOR 

FIGURE III-+Upper and lower lethal temperatures for 
PROLONGED EXPOSURES 

young sockeye salmon (Oncorhynchus nerka)  'plotted to  Specific criteria for prolonged esposure (1 week or longer) 
show the  zone of tolerance. Within  this zone two other zones must be defined for and for cold seasons. ~ d d i ~ i ~ ~ ~ l  
are represented to illustrate (1 ) an area beyond which growth 
wo--'" be poor to none-at-all under the influence of the  loading criteria for gradual temperature (and life cycle) changes 

ej ,f metabolic demand, and (2) a n  area beyond which during reproduction and development periods are dis- 
tea..,drature is likely to  inhibit  normal reproduction. cussedonpp.162-165. , 
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SPRING, SUMMER, AND FALL MAXIMA FOR 
PROLONGED EXPOSURE 

Occupancy of habitats by most aquatic organisms is 
often limited within the thermal tolerance range to tem- 
peratures somewhat below the ultimate upper incipient 
lethal temperature. This is the result of poor physiological 
performance at near lethal levels (e.g., growth, metab'olic 
scope for activities, appetite, food conversion efficiency), 
interspecies competition, disease, predation, and other 
subtle ecological factors (Fry 1951 ;"' Brett 1 97lZS6). This 
complex limitation is evidenced by restricted southern and 
altirudinal distributions of many species. On the other hand, 
optimum temperatures (such as those producing fastest 
growth rates) are not generally necessary at  all times to 
maintain thriving populations and are often exceeded in 
nature during summer months (Fry 1951 ;277 Cooper 1953 
Beyerle and Cooper 1960;Z46 Rramer and Smith 196OZe7). 
  ode rate temperature fluctuations can generally be 
tolerated as long as a maximum upper limit is not exceeded 
for long periods. 

A true temperature limit for exposures long enough to 
reflect metabolic acclimation and optimum ecological per- 
formance must lie somewhere between the physiological 
optimum and the ultimate upper incipient lethal tempera- 
tures. Brett (1 960)264 suggested that a provisional long- 
term exposure limit be the temperature greater than opti- 
mum that allowed 75 per cent of optimum performance. 
His suggestion has not been tested by definitive studies. 

Examination of literature on performance, metabolic 
rate, temperature preference, growth, natural distribution, 
and tolerance of several species has yielded an apparently 
sound theoretical basis for estimating an upper temperature 
limit for long term exposure and a method for doing this 
with a minimum of additional research. New data will 
provide refinement, but this method forms a useful guide 
for the present time. The method is based on the general 
observations summarized here and in Figure I I I 4 ( a ,  b, c). 

1. Performances of organisms over a range of tempera- 
tures are available in the scientific literature for a variety of 
functions. Figures III-4a and b show three characteristic 
types of responses numbered I through 3, of which types 1 
and 2 have coinciding optimum peaks. These optimum 
temperatures are characteristic for a species (or life stage). 

2. Degrees of impairment. from optimum levels of 
various performance functions are not uniform with in- 
creasing temperature above the optimum ior a single species. 
The most sensitive function appears to be growth rate, for 
which a temperature of zero growth (with abundant food) 
can be determined for important species and life stages. 
Growth rate of organisms appears to be an integrator of all 
factors acting on an organism. Growth rate should probably 
be expressed as net biomass gain or net growth (McCormick 
et al. 1971)3E of the population, to account for deaths. 

3. T h e  maximum temperature at  which several species 

2rt: consistently found in nature (Fry 1951;271 Narver 
19i0)306 lies near the average of the optimum temperature 
and the temperature of zero net growth. 

-1. Comparison of patterns in Figures III-4a an< 
among different species indicates that while the trends ale. 

similar, the optimum is closer to the lethal level in some 
species than it is in sockeye salmon. Invertebrates eshibit a 
paLrern of temperature effects on growth rate that is very 
similar to that of fish (Figure 111-4~). 

The optimum temperature may be influenced by rate of 
feeding. Brett et al. (1969)267 demonstrated a shift in opti- 
mum toward cooler temperatures for sockeye salmon when 
ration was restricted. In a simila; experiment with channel 
catfish, Andrews and Stickney (1972)242 could see no such 
shift. Lack of a general shift in optimum may be due to 
compensating changes in activity of the fish (Fry personal 
observation). 326 , 

These observations suggest that an average of the opti- 
mum temperature and the temperature of zero net growth 
[(opt. temp. + 2.n.g. temp)/2] would be a useful estimate of 
a limiting weekly mean temperature for resident organisms, 
providing the peak temperatures do not exceed values 
recommended 'for short-term exposures. Optimum growth 
rate would generally be reduced to no lower than 80 per cent 
of the maximum if the limiting temperature is as averaged 
above (Table 111-1 I ) .  This range of reduction from opti- 
mum appears acceptable, although there are no quantita- 
tive studies available that would allow the criterion to be 
based upon a specific level of impairment. 

The criteria for maximum upper temperature must al.. 
for seasonal changes, because different life stages of many 
species will have different thermal requirements for the 
average of their optimum and zero net growths. Thus a 
juvenile fish in May will be likely to have a lower maximum 
acceptable temperature than will the same fish in July, and 
this must be reflected in the thermal criteria for a waterbody. 

TABLE ZII-11-Summary of Some Upper Limiting 
, Temperatures in C ,  (for periods longer than one week) 

Based Upon Optimum Temperatures and Temperatures 
of Zero Net Growth. 

opl+z.n.[. b of 
Spacia Oplimum Zero nel Ralsrenra - optimum 

growlh 2 

Calortomur comm8rroni (whit8 iucker). . . : . I7 29.6 
Cotafonur artadii (circo or lake hatring). . . . 16 21.2 

lchlurus punclalus (channel utnrh). . . . . . . . 30 35.7 
.... '! ................................... 30 35.7 

Lapomis macrochirur (bluepill) bear I!).. .. . 22 28.5 
Microptarus ralmoidar (brgsmoulh bar:) .... 27.5 34 
Nolropis atherinnidas (amarald shiner). . . . . . 27 33 
SaivaUnus IonUnalir (brook troul). . ... .. . . . . 15.1 111.11 

McCormick al a t  
1911ao1 

SLrawn 1910a1o 
Andraws and SUckna) 
187T;t' 

McComish 1871a01 
Slnwn 1961"o 

* N a t i o ~ l  Wahr Clua!lty bhontorj. Duiuth, Minn., unpublishad dah.nl - 
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After Brett 197lZh6 

FIGURE IIIda-Performance of Sockeye Salmon (Oncorhynchus,nerka) in Relation to Acclimation Temperature 
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While this approach to developing the maximum sus- sizeable body o f ,  data on the ultimate incipient lethu! 
tained.temperature appears justified on the basis of available temperature that could serve as a substitute for the data 01:. 

knowledge, few limits can be derived from existing data in temperature of zero net growth. A practical cons id era ti^- 
the.literature on zero growth. On the other hand, there is a in recommending criteria is the time 'required to cond: 

0 5 

-4fter Brett 1971 256 

10 15 

Acclimation Temperature C 

FIGURE III4b-Perfarmonce of Sockeye Salmon (Oncorhynchus nerka) in Relation to Acclimation Temperature 
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research necessary to provide missing data. Techniques for 
determining incipient lethal temperatures are standardized 
(B- ' 1952)252 whereas those for zero growth are not. 

mperature that is one-third of the range between the 
~pt imum temperature and the ultimate incipient lethal 
temperature that can be calculated by the formula 

ultimate incipient lethal temp.-optiinum temp. 
optimum temp. f 

3 I 

yields values that are very close to (optimum temp. + 
2.n.g. temp.)/2. For example, the values are, respectively, 
32;7 and 32.8.C.for.channel catfish and.30i6 .:and'30.8"for 
largemouth. bass (data from Table 111-8 and Appendix 11). 
This formula offers a practical method for obtaining allow- 

Temperature in C 

FIGURE III>C-M. merceneiia : 'The general relationship 
between temperature and the rate of shell growth, based on 
field measurements of growth and temperature. 

0: sites in Poole Harbor, ~ n g l a n d ;  0: North American sites. 

sule Ilrnits, while retaining as its scientific basis the require- 
ments of preserving adequate rates of growth. Some limits 
obt~ined  from data in the literature are given in Table 
111-12. A hypothetical example of the effect of this limit on 
growth of largemouth bass is illustrated in Figure 111-5. 

Figure 111-5 shows a hypothetical example of the effects 
oi the limit on maximum weekly average temperature on 
growth rates of juvenile largemouth bass. Growth data as a 
func~ion of temperature are from Strawn 1961 31e; the ambi- 
ent c,ez;iperature is an averaged curve for Lake Korman, 
S.  C . ,  adapted from data supplied by Duke Power Com- 
pany. A general temperature elevation of 10 F is used to 
pro( ide an extreme esample. Incremental growth rates 
(mm wk) are plotted on the main figure, while annual ac- 
cumulated growth is plotted in the inset. Simplifying as- 
sumpelons were that growth rates and the relationship of 
growth rate to temperature were constant throughout the 
year, and that there would be "sufficient food to sustain 
maximum attainable growth rates at all times. 

The criterion for a specific location would be determined 
by the most sensitive life stage of an important species 
likely to be present in that location at that time. Since 
many fishes have restricted habitats (e.g., specific depth 
zones) at many life stages, the thermal criterion must be 
applied to the proper zone. There is field evidence that fish 
avoid localized areas of unfavorably warm water. This has 
been demonstrated both in lakes where coldwater fish 
normally evacuate warm shallows in summer (Smith 
1964)318 and at power station mixing zones (Gammon 
1970;282 Merriman et al. 1965).304 In most large bodies of 
water there are both vertical and horizontal thennal 
gradients that mobile organisms can follow to avoid un- 
favorable high (or low) temperatures. 

The summer maxima need not, therefore, apply to 
mixing zones that'occupy a small percentage of the suitable 
habitat or necessarily to all zones where organisms have 
free egress to cooler water. The maxima must apply, how- 
ever, to restricted local habitats, such as lake hypolimnia or 
 thermocline^, that provide1 important summer sanctuary 
areas for cold-water species. Any avoidance of a warm area 
not part of the normal seasonal habitat of the species will 
mean that less area of the water body is available to support 
the population and that ~roduction may be reduced. Such 
reduction should not interfere with biological communities 
or pbpulations of important species to a degree that is 
damaging to the ecosystem or other beneficial uses. Non- 
mobile organisms that must remain in the warm zone will 
probably be the limiting organisms for that location. Any 
recommendation for upper limiting temperatures must be 
applied carefully with understanding of. the population 
dynamics of the species in question in order to establish 
both local and regional requirements. 
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FIGURE III-%A hypothetical example of the eflects of the  limit on maximum weekly 
average temperature on  growth rates of juvenile largemouth bass. Growth data as a function 
of temperature are jrom Strawn 1961; the ambient temperature is a n  overaged curve jor Lake 

, 38 
Norman, N.C., adapted jrom data supplied by Duke Power Company. A general temperature 
elevation of 10 F is used to  provide a n  extreme example. Incremental growth rates ( m m l w k )  
are plotted o n  the  main figure, while annual accumulated growth is plotted in  the  inset. 
Simplifying assumptions were that growth rates and the  relationship of growth rate to tern- 

- 
perature were constant throughout the  year, and that  there would be suBcient food to sus- 
tain max imum attainable growth rates at all times. - 
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TABLE III-12-Summary of Some Upper Limit in g Temperatures for Proion ged Exposures of Fishes Based. on Optimum Tem- 
peratures and Ultimate Upper Incipient Lethal Teniperatures (Equation I ) .  

OpUmnm 
Species Function 

C .  F 

UlUmata uppat indpiant Maximum weekly areraga 
Ratannw .lethal lamperaurn Rafaranca , IampenIurs (€4. 1) 

C F C F 

growlh unpubL, NWPLa . ' 

frowth McCormick at 81. 197Ism 
growth Strawn 1 9 7 o ; ~ ~ ~ n d r a w s  and Slickney 

1971241 
growth McComirh 1971*01 

Anderson 19591" - 
l ~ o w t h  Horning and P W M n  I07pgl 
grodh Peek 186BQ0 

H i l l  1941'88 
Ednl l  and Colby 197P'r 
Allan and Slnwn 1 9 6 W  

..... Catoslomus commerroni (whila sucker). 27 
Coragonus afiadii (Cisco or lake hsrring). .... 16 
iclelurur puntbtur (channal utflsh). ........ 30 

Hart 1 9 S P  Lapomis manochirur (hlueflll) (yr It) ........ 22 

Miuopbrus dolomisu (J~~II~ouI~ bars). ... Hornin8 and Pwnon 1972281 

Hart 195PM 
Hart 1352"a 
Brett 1952ul 

Miuapbrusnlmoidas(hrgamouth bars)(try). 
..... Nolrop~s atharinoidas (emarald shinar).. 

.. Oncorhynchus nsriu (sockays salmon)..:.. 

growth SIrawn 1961a10 
growth unpubL. NWPL*S 
growlh Bratt at aL 186918' 
olhar lunctions Brall l07l2fio 
mar. rwimnung (luvanilas) ............................. 

Praudopleuronaclar Americanur (winter 
flounder). .............................. 

.................. Sa~mo I r u m  (brown trout) 
18.0 

I l o  17 
ave 12.5 

15.4 
13.0 
15 

avo 14.5 
16 

84.4 Hon and Warintan 1 9 P m  21.8 71.2 
74.3 B i ~ l u i  196P' 16.2 61.2 

.......... Salvailnus lontinrlir(hrook Waul). Emwlh unpubl, NWQLa18 
growth I Baldwln 1957s" 
melabolic Onham 19491M 
rtopa 
scope for a l v i l y  Gibson and Frj 1B5W 

(2 melrbol'sm) 
swlmminf rpeud 

77.9 fry. Hart and Waik~r, I 9 4 W  18.2 64.8 

......... Srlvalinur nam8ycurh (lake Irout).. Gibson and Fq 195Pa 18.8 65.8 

Heat added to upper reaches of some cold rivers can be 
retained throughout the river's remaining length (Jaske 
and Synoground 1970).282 This factor adds to the natural 
trend of warming a t  distances from headwaters. Thermal 
additions in headwaters, therefore, may contribute sub- 
stantially to reduction of cold-water species in downstream 
areas (Mount 1970). 305 Upstream thermal additions should 
be evaluated for their effects on summer maxima at down- 
stream locations, as well as in the immediate vicinity of 
the heat source. 

WINTER MAXIMA 

Although artificially produced .temperature elevatio~l~ 
during winter months may actually bring the temperature 
closer to optimum or preferred temperature for important 
species and attract fish (Trembley 1965),321 metabolic 
acclimation to these higher levels can preclude safe return 
of the organism to ambient-temperatures should the 
artificial heating suddenly cease (Pennsylvania Fish Corn- 
mission 1971 ;310 Robinson 1 970)31%r the organism be 
driven from the heat area. For example, sockeye salmon 
(Oncorhynchus nerka) acclimated to 20 C suffered 50 percent 
mortality in the laboratory when their temperature was 
dropped suddenly to 5 C (Brett 1971 :256 see Figure 111-3). 
The same population of fish withstood a drop to zero when 
acclimated to 5 C. The lower limit of the range of thermal 
tolerance of important species must, therefore, be main- 
tained at the normal seasonal ambient temperatures , 

throughout cold seasons, unless special provisions are made 
to assure that rapid temperature drop will not occur or that 
organisms cannot become acclimated to elevated tempera- 
tures. This can be accomplished by limitations on tempera- 
ture elevations in such areas as discharge canals and mixing 
zones where drganisms may &side, or by insuring that 
maximum temperatures occur only in areas not accessible 
to important aquatic life for lengths of.time sufficient to 
allow .metabolic acclimation. Such inaccessible areas wc 
include the high-velocity zones of diffusers or screened CL.- 

Recommendation ' 

Growth of aquatic organisms. would be main- 
tained at levels necessary for sustaining actively 
growing and reproducing populations if the maxi- 
mum weekly average temperature in the zone in- 
habited by the species at that time does not exceed 
one-third of the range between the optimum tem- 
perature and the ultimate upper incipient lethal 
temperature of the species (Equation 1, page 157), 
and the temperatures above the weekly average do 
not exceed the criterion for short-term exposures. 
This maximum need not apply to acceptable mix- 
ing zones (see proportional relationships of mixing 
zones to receiving systems, p. 114), and must be 
applied with adequate understanding of the normal 

i seasonal distribution of the important species; 
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large channels. This reduction of maximum temperatures 
:mid nbt preclude use of slightly warmed areas as sites for 
:r. rinter fisheries. 
' f  ,onsideration may be important in some regions at 
nes other than in winter. The Great Lakes, for exampie, 
.e susceptible to rapid changes in elevation of the thermo- 
!uc in summer which may induce rapid decreases in 
rtr~line temperatures. Fish acclimated to exceptionally 
rh temperatures in discharge canals may be killed or 
yerely stressed without changes in power plant opera- 
,ns (Robinson 1968). 314 Such regions should take special 
~ t e  of this possibility. 
Some numerical values for acclimation temperatures and 
tver limits of tolerance ranges (lower incipient lethal 
mperatures) are given in Appendis 11-C. Other data must 

provided by further research. There are no adequate 
xta available with which to estimate a safety factor f ~ r  no 
ress from cold shocks. Esperiments currently in progress, 
wever, suggest that channel catfish fingerlings are more 
lsceptible to predation after being cooled more than 5 to 
C (Coutant, unpublislred data). 324 

The effects of limiting ice formation in lakes and rivers 
lould be careful1 y observed. This aspect of maximum 
inter temperatures is apparent, although there is insuffi- 
lent evidence to estimate its importance. 

ecommendation 

T lrtant species should be protected if the 
naL~,~lurn weekly average temperature during win- 
er months in any area to which they have access 
oes not exceed the acclimation temperature 
minus' a 2 C safety factor) that raises the lower 
ethal threshold temperature of such species above 
ne normal ambient. water temperatures for that 
eason, and the criterion for short-term exposures 
s not exceeded. This recommendation applies es- 
,ecially tp locations where organisms may be at- 
racted from the receiving water and subjected to 
apid thermal drop, as in the low velocity areas of 
vater diversions (intake or discharge), canals, and 
nixing zones. 

;HORT-TERM EXPOSURE TO EXTREME TEMPERATURE 

To protect aquatic life and yet allow other uses 'of the 
vater, it is essential to know the lengths of time organisms 
:an survive extreme temperatures (i.e., temperatures that 
:sceed the 7-day incipient lethal temperature). Both 
latural environments and power plant cooling systems can 
~riefly reach temperature extremes (both upper and lower) 
.ithout apparent detrimental effect to the aquatic life 

:Frv 1 951 ;?'l Becker et al. 197 
ength of time that 50 per cent of a population will 

;urnLv z temperature above the incipient lethal temperature 

can be calculate$ from a regression equation of experi- 
mental data (such as those in Figure 111-3) as follows: 

log (time) = a+ b (temp.) (Equation 2) 

where time is expressed in minutes, temperature in degrees 
centigrade and where a and b are intercept and slope, 
respectively, which are characteristics of each acclimation 
Temperature for each species. In some cases the time- 
tcruperature relationship is more comples than the semi- 
logarithmic rnodcl given above. Equation 2, however, is 
the most applicable, and is generally accepted by the 
scientific community (Fry 1967) .270 Caution is recom- 
mended in extrapolating beyond the data limits of the 
original research (Appendis 11-C). The rate of temperature 
change does not appear to alter this equation, as long as the 
change occurs more rapidly than over several days (Brett 
194 1 ;"" Lemke 1 970).30D Thermal resistance may be 
diminished by the simultaneous presence of toxicants or 
other debilitating factors (Ebel et al. 1970,w3 and summary 
by Coufant 1 9 7 0 ~ ) . ~ ~ ~  The most accurate predictability can 
be derived from data collected using water from the site 
under evaluation. 

Because the equations based on research on thermal 
tolerance predict 50 per cent mortality, a safety factor is 
needed to assure no mortality. Several studies have indi- 
cated that a 2 C reduction of an upper stress temperature 
results in no mortalities within an equivalent exposure 
duration (Fry et al. 1942;"O Black 1 9 G ) . 2 4 ~ h e  validity 
of a two degree safety factor was strengthened by the results 
of Coutant (1970a).'e7 He showed that about 15 to 20 
per cent of the exposure time, for median mortality at a given 
high temperature, induced selective predation on thermally 
shocked salmon and trout. (This also amounted to reduction 
of the effective stress temperature by about 2 C.) Un- 
published data from subsequent predation experiments 
showed that this reduction of about 2 C also applied to the 
incipient lethal temperature. The level at which there is no 
increased vulnerability to predation is the best estimate of a . 

no-stress exposure that is currently available. No similar 
safcty factor has been explored for tolerance of low tem- 
peratures. Further research may determine that safety 
factors, as well as tolerance limits, have to be decided 
.independently for each species, life stage, and water quality 
~ituation. 

Information needed for predicting survival of a number 
of species of fish and invertebrates under short-term condi- 
tions of heat. extremes is presented in Appendis 11-C. This 
information includes (for each acclimation temperature) 
upper and lower incipient lethal temperatures: coefficients 
a and b for the thermal resistance equation; and information 
on size, life stage, and geographic source of the species. 
I t  is clear that adequate data are available for only a small 
percentage of aquatic species, and additional research is 
necessary. Thermal resistance information should be 
obtained locally. for critical .areas to account for simul- 
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taneous presence of toxicants or other debilitating factors, 
a consideration not reflected in Appendix 11-C data. More 
data are available for upper lethal temperatures than for 
lower. 

The resistance time equation, Equation 2, can be 
rearranged to incorporate the 2 C margin of safety and also 
to define conditions for survival (right side of the equation 
less than or equal to 1) as follows: 

time 
S ~ o [ I I c ~ ~ u I ~ ~ ~ . + ~ ~  (Equation 3) 

Low levels of mortality of some aquatic organisms are not 
necessarily detrimental to ecosystems, because permissible 
mortality levels can be established. This is how fishing or 
shellfishing activities are managed. Many states and inter- 
national agencies have established elaborate systems for 
setting an allowable rate of mortality (for sport and com- 
mercial fish) in order to assure needed reproduction and 
survival. (This should not imply, however, that a form of 
pollution should be allowed to take the entire harvestable 
yield.) Warm discharge water from a power plant may 
sufficiently stimulate reproduction of some organisms (e.g., 
zooplankton), such that those killed during passage through 
the maximally heated areas are replaced within a few hours, 
and no impact of the mortalities can be found in the open 
water (Churchill and Wojtalik 1969 ;2e2 Heinle 1969) .288 

On the other hand, Jensen (1971)293 calculated that even 
five percent additional mortality of 0-age brook trout 
(Salvelinus fontinalis) decreased the yield of the trout fishery, 
and 50 per cent additional mortality would, theoretically. 
cause extinction of the population. Obviously, there can be 
no adequate generalization concerning the impact of short- 
term effects on entire ecosystems, for each 'case will be 
somewhat different. Future research must be directed 
toward determining the effects of local temperature stresses 
on population dynamics. A complete discussion will not be 
attempted here. Criteria for complete short-term protection 
may not always be necessary and should be applied with an 
adequate understanding of local conditions. 

Recommendation 

Unless there is justifiable reason to believe it 
unnecessary for maintenance of populations of a 
species, the right side of Equation 3 for that 
species should not be. allowed to increase above 
unity when the temperature exceeds the incipient 
lethal temperature minus 2 C: 

time 
-> ~~[~+*'U.P.+LI, 

Values for a and b at the appropriate acclimation 
temperature for some species can be obtained from 
Appendix 11-C or through additiohal research if 
necessary data are -not available. This recommen- 

dation applies to all locations where organisms t r  
be protected are exposed, including areas within 
mixing zones and water diversions such as power 
station cooling water. 

REPRODUCTION AND DEVELOPMENT 

The sequence of events relating to gonad growth and 
gamete maturation, spawning migration, release of gametes, 
development of the egg and embryo, and commencement 
of independent feeding represents one of the most comples 
phenomena in nature, both for fish (Brett 1970)2s5 and 
invertebrates (Kinne 1970) . 28These  events are generally 
the most thermally sensitive of all life stages. Other environ- 
mental factors, such as light and salinity, often seasonal in 
nature, can also profoundly affect the response to tempera- 
ture (Wiebe 1968).323 The general physiological state of the 
organisms (e.g., energy reserves), which is an integration of 
previous history, has a strong effect on reproductive poten- 
tial (Kinne 1970).296 The erratic sequence of failures and 
successes of different year classes of lake fish attests to the 
unreliability of natural conditions for providing optimum 
reproduction. 

Abnormal, short-term temperature fluctuations appear to 
be of greatest significance in reduced production of juvenile 
fish and invertebrates (Kinne, 1963).29b Such thermal 
fluctuations can be a prominent consequence of water use 
as in hydroelectric power (rapid changes in river flow rates), 
thermal electric power (thermal discharges at fluctua 
power levels), navigation (irregular lock releases), ' 
irrigation (irregular water diversions and wasteway re- 
leases). Jaske and Svnoground (1970)292 have documented 
such temperature changes due to interacting thermal and 
hydroelectric discharges on the Columbia River. 

Tolerable limits or variations of temperature change 
throughout development, and particularly at the most' 
sensitive life stages, cliffer among species. There is no 
adequate summary of data on such thermal requirements 
for successful reproduction. The data are scattered through 
many years of natural history observations (however, see 
Breder and Rosen 1966250 for a recent compilation of some 
data; also see Table 111-13). High priority must be assigned 
to summarizing existing information and obtaining that 
which is lacking. 

Uniform elevations of temperature by a few degrees 
during the spawning period, while maintaining short-term 
temperature cycles and seasonal thermal patterns, appear 
to have little overall effect on the reproductive cycle of 
resident aquatic species, other than to advance the timing 
for spring spawners or delay it for fall spawners. Such shifts 
are often seen in nature, although no quantitative measure- 
ments of reproductive success have been made in this 
connection. For example, thriving populations 01 many 
fishes occur in diverse streams of the Tennessee Vallp in 
which the date of the spawning temperature may var . 
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TABLE 111-13-Spawning Requirements of Some Fish, Arranged in Ascending Order of Spawning Temperatures 

(Adapted from WojtaNk,T. A., unpubllphed manwcript)* - 
FIXIIES Temp (C) Spawning sib h a t e  in rpnnin: depth DalN spmkr Uma  or din InmWIanDariod 

6*s Vamp C) 

311 
.oa~dion amdnnra. ............................ 5.0 Shallow F r e l  h t n  2-4 feet N i~h t  Bottom 25 (5.0) 
Ilaya 
f~hsum vilrwm. ................................ LO Onnl, rubbla, bouldm on bar 3-10 Inst Ow, nilhi B m m  ..................... 
11noSa car 
~~ lo l t sus  ouaus. ................................. ID. I Floaded sh l l ow  Floodad hallows m y  Waads 6 (10.0) 
ita.brsr 
sns ehgrop~ .................................. 11.7 Sand L rock shores 1-12 lmt  Day. long but np. nilht Surlacs 2 (15.6) 

ILt d8lldr 
nosloma miaopaer. ............................ 12.0 
11ta sucher 
v a a m  meltnws. .............................. 12.1 
18 rucCsr 
ortomus rommemnl.. ........................ 12.0-13.0 Slmams or bars .............................. Day, nhM . Bo(tonr .................... 
nry minnow 

s&m bofnrMus nuchk.. ............................ 13.0 C m  .............................. Day .................... 
Ied wpmo sunfish , . ,  . ,  . . . . saoms zonatum.. .............................. 13.8-16.1 

rite mppia 
nods annulad: ..... .. ........................ 14.0-18.0 Submmd nutarirk in ah~ltars .............................. Day Bottom 1 (11.1-13.2) 
h a d  minnow 14.4 
arphala promebs. ....... .. .................... 25.0 Shallowr Mr. u ~ f m  Day Unddda b U 0 1  l isdc  .:. ................. 
mouth bumlo I 

obus .qprinellus.. .............................. 15.611.3 Shallows .............................. Day Bottom 8-10 (11.7) 
temouth brss 
twhrus salmddns.. ........ ;.. ................. 15.8 ShaUm nslr bank Ul lnthar D v  ~ ~ l l o m  3 (11.8) 

nmon shiner 
bops cornutus. ............................ 15.611.3 Small gravel strsrmc .............................. D q  b n ~ m  
lUen shiner 
bmkonur u).rolaKls ............................ 15.0 WS L shoah. weads ........................ : ..... o* Wnds 4 (15.a+) . , . 

Ian *nflsh 
....................  omi is cyanalh~s. ................................. 15.8 mk, shallawe Inchas to 1 M l ed  , nay Bot&rn 

idlsRsb 
,M i~h t  C Botlom .................... vndar ' 'sub.. ............................ .: .. 18.0 Over p a l  htrs Mr. d m  

4KS 

'tin; o ................................... 16.3 
lnrz shad 
losoma c a p a l a m , .  ............................ 18.7 
allmouth b m  
noptMu dolamid. ............................. 18.7 6rarel rock shon l-10 1mt P l Y  8mmn 7 (15.0) 
lnsd brss . . ucq~taus p u ~ b t u . .  .......................... 17.8 tnnll strsrms, bar .............................. Ow ~ot tom 44 oD.0 
'nq darier 
~aoxtom nlmm.. ............................... 18.0 
!rile spotlsd XUnflSh 
iomir humlh: .................................. 11.3 
lallmouth bullrlo 
obus hublur. ................................... 11.8 
ICk bUflll0 
lifer.. ......................................... 11.8 
IP 
,?inus arplo.. ................................. 18.0 c loo dad shallows . .Mr. r u r l m  
lagill 
oomls maaochiruc.. ................. .. ........ 19.4 .Weads, shallows 24 t a t  
dbrmrt wnflsh 
auntis.. ........................................ 20.0 
annsl utf lrh lP.O 
alums punelttus.. ............................... 6.7 Bank ar l ty  e l 0  lest 

011 nottom 

Day, n l U  B D ~ D ~  

............. 20.0 Sand fn rs l  bar <I0 leal D V  ~ ~ t t o m  w . c n . w . o  
, , ~pkinraed 

pomis pfbborus. ................................. iD.0 Bank shallnws <S lm t  DW ~ot tom 3 (n.1) 
tclc crappie 
moxis ni~romaeuhlus.. ...... ;. ................. 20.0 
aok siIvarsld8 .................... bidesUlas riaulus. ............................... 20.0 Oar F v a l  Suflam OW Waeds, botlpl 
own bullhead ..................................... 

............................ !alums nebulosut. ................................ 11.1 Shallows, wands Inches lo 8 I w l  .Wands, bob. 5 (15.0) 
~raadfln shad 
.omma pstenama ................................ 11.1 Shallow and open rrlu Smtua . tm .  ano om , 3 (26.7) 

~rmouth 
!pomr" 'a. .................................. 11.0 L n k  shallas <5 l a 1  Bottom 1% (15.616)7) 
ver .................... omn. Ambun. ............................. 21.F24.4 Rimes, shams .............................. h Y  Bobm 
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TABLE IIZ-13-Spawning Requirements of Some Fish, Arranged in Ascending Order of Spawning Temperatures-Continued 

flshar Tamp (C) Spawning sits Rang8 in rplwnlnt depth Daily rprwninp time EID Incubation psdod 
days (Tamp 

Blue u t l s h  
letaluru: turutur ................................. 21.2 
Fblhsrd utfllh 
FylodisUs oUnril. ................................. 21.2 
R8dtar runflsh 

............................................................................ Lapomls microiophur ............................... 23.0 Ouiat, varlour lnchsr to 10 teat 
Lonlaar sunfish 
L m a ~ l o t i r  ....................................... 23.3 
kashwatar drum 
Apiodinatus grunnians .............................. 23.0 
Rlrar urprucker 
Carpddas arpio, .................................. 23.9 
S ~ l l a d  bullhmd 
IcUlurus semanthur.. ............................ 26.7 
Yallw bullhsrd 

............................ I. ~ l l l i s  ............... ... .......... .... .................. Ilul8t. shnllow~ 1 !+4 feel 0 ~ n o m  +lo  (18.9) . . . .  . . 

* T. A Wo]lallk. T8nnarres Valley Authority. M u r l s  Shoals. Alabama.~ 

given year by 22 to 65 days. Examination of the literature 
shows that shifts in spawning date's by nearly one month 
are common in natural waters throughout the U.S. Popula- 
tions of some species at  the southern limits of their dis- 
tribution are exceptions, e.g., the lake whitefish (Coregonus 
clupeaformis) in Lake Erie that require a prolonged, cold 
incubation period (Lawler 1965)2g9 and species such as 
yellow perch (Percaj7avescens) that require a long chill period 
for egg maturation prior to spawning (Jones, unpublished 
data). sa7 

This biological plasticity suggests that the annual spring 
rise, or fall drop, in temperature might safely be advanced 
(or delayed) by nearly one month in many regions, as long 
as the thermal requirements that are necessary for migra- 
tion, spawning, and other activities are not eliminated and 
the necessary chnl periods, maturation times, or incubation 
periods are preserved for important species. Production of 
food organisms may advance in a similar way, with little 
disruption of food chains, although there is little evidence to 
support this assumption (but see Coutant 1968;266 Coutant 
and Steele 1968;271 and Nebeker 1971).307 The process is 
similar to the latitudinal differences within the range of a 
given species. 

Saalfeld 1955)317 to modify their migrations and spawning 
to coincide with the proper temperatures whenever and 
wherever they occur. 

Rates of embryonic development that could lead to pre- 
mature hatching are determined by temperatures of the 
microhabitat of the embryo. Temperatures of the micro- 
habitat may be quite different from those of the remainder 
of the waterbody. For example, a thermal effluent at the 
temperature of maximum water density (approximately 
4 C) can sink in a lake whose surface water temper. 
is colder (Hoglund and Spigarelli, 1972).?g0 Incubi 
eggs of such species as lake trout (Salvelinus namaycush) and 
various coregonids on the lake bottom may be intermittently 
exposed to temperatures warmer than normal. Hatching 
may be advanced to dates that are too early for survival of 
the fry in 'their nursery areas. Hoglund and Spigarelli 
1972,2g0 using temperature data from a sinking plume in 

, Lake Michigan, theorized that if lake herring (Coregonus 
artedii) egis had been incubated at the location of one ot 
their temperature sensors, the fry would have hatched 
seven days early. Thermal limitations must, therefore., apply 
at  the proper location for the particular species or life stage 
to be protected. 

. Highly mobile species that depend upon temperature 
Recommendations 

synchrony among widely different regions or environments 
for various phases of the reproductive or rearing cycle (e.g., After their specific limiting temperatures and 
anadromous salmonids or aquatic insects) could be faced exposure times have been determined by studies 
with dankers of dis-synchrony if one area is warmed, but tailored to local conditions, the reproductive ac- 
another is not. Poor long-term success of one year class of tivity of selected species will be protected in areae 
Fraser River (British Columbia) sockeye salmon (Oncorhyn- where: 
chus ncrka) was attributed to early (and highly successful) 0 periods required for gonad growth and gametc 
.fry production and emigration during an abnormally warm maturation are preserved; 
summer followed by unsuccessful, premature feeding no temperature differentials are created thai 

. activity in the cold and still unproductive estuary (Vernon block spawning migrations, although some delas 
1958).521 Anadromous species are able, in some cases, (see or advancement of timing based upon local * - -  
studies of eulachon (Thaleichthys pacificus) by Smith and ditions may be tolerated; 
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temperatures are not raised to a level at which 
necessary spawning or incubation temperatures 
of -.inter-spawning species cannot occur; 
t , temperature changes are not induced in 
spawning areas, either in mixing zones or in 
mixed water bodies (the thermal and~geographic 
limits to such changes will be dependent upon 
local requirements of species, including the 
spawning microhabitat, e.g., bottom gravils, 
littoral zone, and surface strata); 
timing of reproductive events is not altered to 
the extent that synchrony is broken where repro- 
duction or rearing of certain life stages is shown 
to be dependent upon cyclic food sources or other 
factors at remote locations. 
normal patterns of gradual temperature changes 
throughout the year are maintained. I 

'hese requirements should supersede all others 
uring times when they apply. 

I 

:HANGES IN STRUCTURE OF AQUATIC COMMUNITIES 

Significant change in temperature or in thermal patterns 
ver a period of time may cause some change in the com- 
losition of aquatic communities (i.e., the species represented 
nd the numbers of individuals in each species). This has 
reen documented by field studies at power plants (Trembley 
9jc '960)R21 and by laboratory investigations (McIntyre 
91 Allowing temperature changes to alter significantly 
ile community structure in natural waters may be detri- 
nental, even though species of direct importance to man 
\re not eliminated. 

The limits of allowable change in species diversity due to 
mperature changes should not differ from those applicable 
o any other pollutant. This general topic is treated in 
ietail in reviews by others (Brookhaven National Lab. 
!969)?" and is discussed in Appendix 11-B, Community 
jtructure and Diversity Indices, p. 408. 

SIJISANCE ORGANISMS 

.Alteration of aquatic communities by the addition of heat 
nay occasionally result in growths of nuisance organisms 
~rovided that other environmental conclitions essential to 
,uch growths (e.g., nutrients) exist. Poltoracka (1 968) 3'1 

-1ocumented the growth stimulation of plankton in an 
~rtificially heated small lake; Trembley (1965"') re- 
ported dense growths of attached algae in the discharge 
:anal and shallow discharge plume of a power station (where 
the algae broke loose periodically releasing decomposing 
organic matter to the receiving water). Other instances of 
71gal growths in effluent channels of power stations were 
reviewed by Coutant ( 1 9 7 0 ~ ) . ~ ~ ~  

lged thermal patterns (e.gl, in stratified lakes) may 
g r ~  , alter the seasonal appearances of nuisance algal 

growths even though the temperature changes are induced 
by altered circulation patterns (e.g., artificial destratifica- 
tion). Dense growths of plankton have been retarded in 
some instances and stimulated in others (Fast 1968;276 and 
unpublisl~ed data 1971).326 

Data on temperature limits or thermal distributions in 
which nuisance growths will be produced are not presently 
available due in part to the complex interactions with other 
growth stimulants. There is not sufficient e\.lidrnce to say 
that any temperature increase will necessarily result in  
increased nuisance organisms. Careful evalua~ion of local 
conditions is required for any reasonable prediction of 
effect. 

Recommendation 

Nuisance growthse of organisms may develop 
where there are increases in temperature or alter- 
ations of the temporal or spatial distribution of 
heat in water. There should be careful evaluation 
of a11 factors contributing to nuisance growths at  
any site before establishment of thermal limits 
based upon this response, and temperature limits 
should be set in conjunction with restrictions on 
other factors (see the discussion of Eutrophication 
and Nutrients in Section I). 

CONCLUSIONS 

Recommendations for temperature limits to protect 
aquatic life consist of the following two upper limits for any 
time of the .year (Figure 111-6). 

I.  One limit consists of a maximum weekly average 
temperature that : 

(a) in the warmer months (e.g., April through 
October in the North, and March through 
November in the South) is one third of the range 
between the optimum temperature and the 
ultimate upper incipient lethal temperature for the 
most sensitive important species (or appropriate 

. life stage) that is normally found at that location at 
that time; or 

(b) in the cooler month; (e.g., mid-October to mid- 
April in the North, and December to February in 
the South) is that elevated temperature from which ' 

important species die when that elevated tem- 
perature is suddenly dropped to the normal 
ambient temperature, with the limit being the 
acclimation temperature (minus a 2 C safety 
factor), when the lower incipient lethal tempera- ' 

ture equals the normal ambient water temperature- 
(in some regions this limit may also be applicable 
in summer) ; or 

(c) during reproduction seasons (generally April-June 
and September-October in the North, and March- 
May and .October-November in the South) is that 
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temperature that meets specific site requirements 
for successful migration, spawning, egg incubation, 
fry rearing, .and other reproductive functions of 
important species ; or 

(d) at .a specific site is found necessary to preserve 
normal species diversity or prevent undesirable 
growths of nuisance organisms. 

2. The second limit is the time-dependent maximum 
temperature for short exposures as given by the species- 
specific equation : 

time ' lO(afb(tarnp.+?)l 

Local requirements for reproduction should supersede 
all other requirements when they are applicable. Detailed 
ecological analysis of both natural and man-modified 
aquatic environments is necessary to ascertain when these 
requirements should apply. 

USE OF TEMPERATURE CRITERIA 

A hypothetical electric power station using lake water f 
cooling is illustrated as a typical example in Figure III- 
This discussion concerns the application of thermal criteria 
to this typical situation. 

The size of the power station is 1,000 megawatts electric 
(MW,) if nuclear, or 1,700 MW, if fossil-fueled (oil, coal, 
gas); and it releases 6.8 billion British Thermal Units 
(BTU) per hour to the aquatic environment. This size is 
representative of power stations currently being installed. 
Temperature rise at the condensers would be 20 F with 
cooling water flowing at the rate of 1,520 cubic feet/second 
(ft3/sec) or 682,000 gallons/minute. Flow could be in- 
creased to reduce temperature rise. 

The schematic Figure 111-7 is drawn with two alternative 
discharge arrangements to illustrate the extent to which 
design features affect thermal impacts upon aquatic life 

Time-Temperature 
r Limits for 

T ime-Tempcra t~~re  History 
for Short Esposures 

Short E s p o s ~ ~ r e s  ' / 

/ , /  
/ / 

Maximum Weekly 
.4verage, Winter 

hluximum Weekly Avcruge. Summer 
(Bascd on species or communityj 

Seasons of 
Reproduction 
R r q ~ ~ i r e m e n t s  
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. . 

FIGURE III-6-Schematic Summary of Thermal Criteria 
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Warm condenser water can be carried from the station to 
the lake by (a) a pipe carrying water a t  a high flow velocity 
or (b) a canal in which the warm water flows slowly. There 
is little cooling in a canal, as measurements at several 
existing power stations have shown. Water can be released 
to the lake by using any of several combinations of water 
velocity and volume (i.e., number of outlets) or outlet 
dimensions and locations. These design features largely 
determine the configuration of the thermal plumes illus- 
trated in Figure 111-7 resulting from either rapid dilution 
with lake water or from slow release as a surface layer. The 
isotherms were placed according to computer simulation 
of thermal discharges (Pritchard 1971)312 and represent a 
condition without lake currents to aid mixing. 

Exact configurarion of an actual plume depends upon 
many factors (some of which change .seasonally or even 
hourly) such as local patterns of currents, wind, and bottom 
and shore topography. 

Analytical Steps 
I 

Perspective of the organisms in the water body and of the 
pertinent non-biological considerations (chemical, hy- 
drological, hydraulic) is an essential beginning. This 
perspective requires a certain amount of literature survey 
or on site study if the information is not well known. Two 
steps are particularly important: 

1. identification of the important species and com- 
munity (primary production, species diversity, etc.) that are 
relevant to this site; and 

2. determination of life patterns of the important species 
(seasonal distribution, migrations, spawning areas, nursery 

,and rearing areas, sites. of commercial or sport fisheries). 
This information should include as much specific informa- 
tion on thermal requirements as it is possible to obtain 
from the literature. 

Other steps relate the life patterns and environmental 
requirements of the biota to the sources of potential thermal 
damage from the power plant. These steps can be identified 
with specific areas in Figure 111-7. 

Aquatic Areas Sensitive to Temperature.Change 

Five principal areas offer potential for biological damage 
from thermal changes, labeled A-E on Figure 111-7. (There 
are other areas associated with mechanical or chemical 
effects that cannot be treated here; see the indes.) 

Area A The cooling water as it passes through the intake, 
intake piping (Al), condensers, discharge piping. 
(A?) or canal (A':), and thermal plume (Ag or 
At3), carrying with it small organisms (such as 
phytoplankton, zooplankton, invertebrate larvae, 
and fish eggs or .larvae). Organisms receive a 
thermal shock to 'the full 20 F above ambient 

I 

temperature with a duration that depends upor 
the rate of water flow and the temperature drr 
in the plume. 

Area B Water of the plume alone that entrains t 
small and larger organisms (including small fis~,; 
as it is diluted (B or B'). Organisms receive 
thermal shocks from temperatures ranging from 
the discharge to the ambient temperature, dt- 
pending upon where they are entrained. 

Area C Benthic environment where bottom organism 
(including fish eggs) can be heated chronically or 
periodically by the thermal plume (C or C'). 

Area D The slightly warmed mixed water body (or large 
segment of it) where all organisms experience a 
slightly wanner average temperature (D). 

Area E Thc discharge canal in which resident or seasonal 
populations reside at abnormally 'high tempera- 
tures (E). 

Cooling Water Entrainment 

I t  is not adequate to consider only thermal criteria for 
water bodies alone when large numbers of aquatic organisms 
may be pumped through a power plant. The probability 
of an organism being pumped through will depend upon 
the ratio of the volume of cooling water in the plant to the 
volume in the lake (or to the volume passing the plant in a 
river or tidal fresh water). Tidal environments (both 
freshwater and saline) offer greater potential for entrain- 
ment than is apparent, since the same water mass 
move back and forth past the plant many times during ..., 
lifetime of pelagic residence time of most organisms. 
Thermal shocks that could be experienced by organisms 
entrained at the hypothetical power station are shown in 
Figure 111-8. 

Detrimental effects of thermal exposures received during 
entrainment can be judged by using the following equation 
for short-term exposures to extreme temperatures : 

time 
General criterion: 1 ~ 0 , i + b ( r o m , , . + 2 ) l  

Values for a and b in the equation for the species of aquatic 
organisms that are likely to be pumped with cooling water 
may be obtained from Appendix 11; or the data may be 
obtained using the methods of Brett (1952).25? The prevailing 
intake temperature would determine the acclimation 
temperature to be selected from the table. - 

For example, juvenile largemouth bass may frequent the 
near-shore waters of this lake and be drawn into the intake. 
To determine whether the hypothetical thermal discharges 
(Figure 111-7) would be detrimental for juvenile bass, the 
following analysis can' be made (assuming, ' for example, 
that the lake is in Wisconsin where these basic data for bass 
are available) : 

Criterion for juvenile bass (Wisconsin) when i 
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FIGURE 1 1 1 - b - ~ k e  Course of Temperature Change in Cooling Water Passing Through the ' ~ s o m p l e  Power Station with 
Two Alternate Discharges. The Canal Is Assumed to Flow at  a Rate of 3 Ft. Per Sec. 

temperature (acclimation) is 70 F (21. I1 C). (Data 
from Appendix 11-C). 

time 
. . '2 

. Criterion applied to entrainment to end of discharge 
canal (discharge temperature is 70, F plus the 20 degree 
rise in the condensers or 90 F (32.22 C). The thermal 
plume would provide additional ekposure above ?he 
lethal threshold, minus ,2 C (29.5 C or 85.1 F) of more 
than four hours. 

Conclusion: 

Juvenile bass would not survive to the end of the 
discharge canal. 

rlilution 

Criterion applied to entrainment in the system em- 

ploying rapid dilution. ' ' 

Travel time in piping to discharge is assumed to be 
,l min., and temperature drop to below the lethal 
threshold minus 2 C (29.5 G or 85.1 F) is about 10 sec. 
(Pritchard, 197 1) .312 

Conclusion . , 

Juvenile hass would survive this thermal exposure: 

, . ..I > 0: 1630 

By using the equation in the following form, 
/ 

log (time) =a+ b (temp. + 2) 

the length of time that hass could barely survive the 
expected temperature rise could be calculated, thus 
allowing selection of an appropriate discharge system. 
For example: 

log (time) = 34.3649- 0.9789 (34.22) 
log (time) ~ 0 . 8 6 6 9  

time = 7.36 
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This would be about 1,325 feet of canal flowing at . 
3 ft/sec. 

I t  is apparent that a long discharge canal, a nonrecircu- 
lating cooling pond, a very long offshore ~ i ~ e ,  or delayed 
dilution in a mixing zone (such as the one promoting surface 
cooling) could prolong the duration of esposure of pumped 
organisms and thereby increase the likelihood of damage to 
them. Precise information on the travel times of the cooling 
water in the discharge system is needed to conduct this 
analysis. 

The  calculations have ignored changing temperatures in 
the thermal plume, because the canal alone was lethal, and 
cooling in the plume with rapid dilution was so rapid that 
the additional exposure was only for I0 seconds (assumed to 
be a t  the discharge temperature the whole time). There 
may be other circumsta'nces under which the effect of 
decreasing exposure temperature in the plume may be 
of interest. 

Effects of changing temperatures in the plume can be 
estimated by summing the effects of incremental exposures 
for short time periods (Fry et al. 1 946281). For example, the 
surface cooling plume of Figures 111-7 and 111-8 could be 
considered to be composed of several short time spans, each 
with an average temperature, until the temperature had 
dropped to the upper lethal threshold minus 2 C for the 
juvenile bass. Each time period would be calculated as if 
it were a single exposure, and the calculated values for all 
time periods would be summed and compared with unity, 
as follows: 

time1 time:! ' , time, + ... 
10[a+b(tsn,p.r+2)) + ~0[n+b~tamp.,+2)l 1 O i n f  b b m p  .n+2)l 

T h e  surface cooling plume of Figure 111-6 (exclusive of 
the canal) could be considered to consist of 15 min at 
89.7 F (32.06 C), 15 min at- 89.2 F (31.78 C), 15 min a t  
88.7 F (31'.4 C), 15 min at 88.2 F (31.22 C), 15 min at  
87.8 F (3 1 .OO C), until the lethal threshold for 70 F acclima- 
tion minus 2 C (85.1 .F) was reached. The calculation would 
proceed as followsi 

I n  this case, the bass would not survive through the first 
15-minute period. In other such calculations, several steps 
would-have to be summed before unity was reached (if not 
reached, the plume would not be detrimental). 

Entrainment in the Plurite 

Organisms mixed with the thermal plume during 'dilution 
will also receive thermal shocks, although the maximum 
temperatures will generally be less than the discharge 

temperature. The number of organisms affected to some 
degree may be significantly greater than the numbers 
actually pumped through the plant. The route of maximum 
thermal exposure for each plume is indicated in Figv 
111-7 by a dashed line. This route should be analyzed t ~ ,  

determine the maximum reproducible effect. 
Detrimental effects of these exposures can also be judged 

by using the criterion for short-term exposures to extreme 
temperatures. The analytical steps were outlined above for 
estimating the effects on organisms that pass through the 
thermal plume portions of the entrainment thermal pattern. 
There would have been no mortalities of the largemouth 
bass from entrainment in the plume with rapid dilution, due 
to the short duration of exposure (about 10 seconds). Any 
bass that were entrained in the near-shore portions of the 
larger plume, and remained in it, would have died in less 
than 15 minutes. 

Bottom Organisms Impacted by the Plume 

Bottom communities of invertebrates, algae, rooted 
aquatic plants, and many incubating fish eggs can be 
exposed to warm plume water, particularly in shallow 
environments. In some circumstances the warming can be 
continuous, in others it can be intermittent due to changes 
in plume configuration with changes in currents, winds, or 
other factors. Clearly a thermal plume that stratifies and 
occupies only the upper part of the water column will have 
least effect on bottom biota. 

Several approaches are useful in evaluating effects on 
community. Some have predictive capability, while othc- 
are suitable largely for identifying effects after they have 
occurred. The criterion for short-term exposures identified 
relatively brief periods of detrimental high temperatures. 
Instead of the organism passing through zones of elevated 
temperatures, as in the previous examples, the organism is 
sedentary, and the thermal pulse passes over it. Developing 
fish eggs may be very sensitive to such changes. A brief 
pulse of high temperature that kills large numbers of orga- 
nisms may affect a bottom area for time periods far longer 
than the immediate exposure'time. Repeated sublethal ex- 
posures may also be detrimental, although the process is 
more complex than straight-forward summation. Analysis 
of single exposures proceeds exactly as described for plume 
entrainment. 

The criterion for prolonged exposures is more generally 
applicable. The maximum tolerable weekly average tem- 
perature may be determined by the organisms present and 
the phase of their life cycle. In May, for example, the 
maximum heat tolerance temperature for the community 
may be determined by incubating fish eggs or fish fry on the 
bottom. In  July it may be determined by the important 
resident invertebrate species. A well-designed thermal dis- 
charge should not require an extensive mixing zone where 
these criteria are exempted. Special criteria for reprodur 
processes may have to be applied, although thermal 
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:hsrges should be located so that zones important for 
-eproduction-migration, spawning, incubation-are not 
1sp-' 

. ~ i a  for species diversity provide a useful tool for 
dennfving effects of thermal changes after they have 
xcurred, particularly the effects of subtle changes that are 
3 result of community interactions rather than physiological 
responses by one or more major species. Further research 
may identify critical temperatures or sequences of tem- 
perature changes that cannot be exceeded and may thereby 
povide a predictive capability as well. (See Appendis 
11-B.) 

Mixed Water Body (or major region thereof) 

This is the region most commonly considered in es- 
tablishing water quality standards, for it generally includes 
.he major area of the water body. Here the results of thermal 
additions are observed as small temperature increases over a 
large area (instead of high temperatures locally at the dis- 
charge point), and all heat sources become integrated into 
the normal annual temperature cycle (Figure 111-6 and 
Figure 111-7 insert). 

Detrimental high temperatures in this area (or parts of 
it) are defined by the criteria for maximum temperatures 
for prolonged exposure (warm and cool months) for the 
most sensitive species or life stage occurring there, at  each 
time of year, and by the criteria for reproduction. 

Fnr example, in the lake with the hypothetical power 
st , there may be 40 principal fish species, of which half 
art  -onsidered important. These species have spawning 
temperatures ranging from 5 to 6 C for the sauger (Stizo- 
stedion canadtnse) to 26.7 C for the spotted bullhead (Iclalurus 
serracanthus). They also have a similar range of temperatures 
required for egg incubation, and a range of maximum 
temperatures for prolonged exposures of juveniles and 
adults. The requirements, however, may be met any time 
within normal time spans, such as January 1 to 24 for sauger 
spawning, and March 25 to .4pril 29 for smallmouth bass 
spawning. Maximum temperatu;es for prolonged exposures 

may increase steadily throughout a spring period. To 
predict effects of thermal discharges the pertinent tempera- 
tures for reproductive activities and maximum temperatures 
for each life stage can be plotted over a 12-month period 
such as shown in Fig. 111-6. A maximum annual tempera- 
ture curve can become apparent when sufficient biological 
data are available. Mount (1970)s05 gives an example of 
this type of analysis. 

Discharge Canal 

Canals or embayments that carry nearly undiluted 
condenser cuoling water can develop biological communities 
that are atypical of normal seasonal communities. Interest 
in these areas does not generally derive from concern for a 
balanced ecosystem, but rather from effects that the altered 
communities can have on the entire aquatic ecosystem. 

The general criteria for nuisance organisms may be 
applicable. In the discharge canals of some existing power 
stations, extensive mats of temperature-tolerant blue-green 
algae grow and per~odically break away, adding a decom- 
posing organic matter to the nearby shorelines. I 

The winter criterion for maximum temperatures for 
prolonged exposures identifies the potential for fish kills due 
to rapid decreases in temperature. During cold seasons 
particularly, fish are attracted to warmer water of an 
enclosed area, such as a discharge canal. Large numbers 
may reside there for sufficiently long periods to become 
metabolically acclimated to :the warm wateP. For any 
acclimation temperature there is a minimum temperature 
to which the species can be cooled rapidly and still survive 
(lower incipient lethal temierature). These numerical 
combinations, where data are available, are found in 
App'endix 11-C. There would be 50 per cent mortality, for 
example, if largemouth bass acclimated in a discharge 
canal to 20 C, were cooled to 5.5 C or below. If normal 
winter ambient tempkrature is less than 5.5 C, then the 
winter maximum should be below 20 C, perhaps nearer 
15 C. If it is difficult to maintain the lower temperatures, 
fish should be excluded from the area. 
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ORGANIC MERCURY 

Until recently, mercury most commonly entered the 
aquatic environment by leaching from geological formations 
and by water, transport to streams and lakes. Since the 
industrial revolution, however, increasing amounts of mer- 
cury have been added to the aquatic environment with 
waste products from manufacturing processes or through 
improper disposal of industrial and consumer products. In 
addition, large quantities of mercury enter the environment 
when ores are smelted to recover such metals as copper, 
lead, and zinc (Klein 1971),343 and when fossil fuels are 
burned. Whereas the masimum amount of mercury released 
by weathering processes is approximately 230 metric tons 
per year worldwide, the amount released by the burning 
of c o d  is on the order of 3000 tons per year; and a further 
quantity, probably comparable to 3000 tons, is emitted 
from industrial processes (Joensuu 197 1). 341 

In  urban and industrial areas consumer products con- 
taining mercury are often disposed of in sewer systems. 
These mercury discharges, though individually small, can- 
not be considered insignificant, because cumulatively they 
add large quantities of mercury to the water courses that 
receive these effluents. On the average, the mercury concen- 
tration in sewage effluent is one order of magnitude greater 
than its 'concentration in the water course that receives it 

additional 47 confirmed cases and 6 deaths in nearby 
Niigata (Takeuchi 1970) .352 

In Sweden in the 1950's, conservationists charged that 
the abundance of methylmercury in the environment was 
causing severe poisoning in seed-eating birds and their 
predators (Johnels et al. 1967). 342 These poisonings could 
be related to the use of methylmercury in seed dressings. 
When these seed dressings were prohibited, levels of mercury 
declined sul~stantially in seed-eating animals. At about the 
same tim'e, investigators found high levels of mercury in 
fish in waters off Sweden, practically all of it in the form 
of methylmercury. . % .  

Biological Methylation 

Some microbes are capable of I)iologically synthesiz 
methylmercury from mercury ions (Jensen and Jernelov 
1 969;33Q Wood et al. 1969;358 Dunlap 197 1 ;333 Fagerstrom 
and Jernelov 197 1 ) . 334 At low concentrations, the formation 
of dimethylmercury is favored in the methyl transfer reaction 
but at higher concentrations .of mercury, the major product 
appears to be monomethylmercury. In any particular eco- 
system, the amounts of mono- ancl dimethylmercury corn- 
pounds are determined by the presence of microl>ial species, 
the amount of organic pollution loading, the mercury con- 
centration, temperature, and pH (Wood et al. 1969).3s8. 

(D'Itri unpublished data 197 Based on Klein and Gold- Bioloeical 
berg's 1970344 report of mercury concentrations in samples 
of ocean sediments near municipal sewer out-falls, it can 
be calculated that in an urban area from 400 to 500 pounds 
of mercury per million popularion are discharged to re- 
ceiving waters every year. The uses of mercury are varied, 
and its consumption is fairly large. The National Academy 
of Sciences (1969)347 reported the consumption of mercury 
by user category. 

World attention focused on the environmental mercury 
problem when human beings were poisoned by eating 
contaminated fish and shell fish during the middle and late 
1950's in Minamata, Japan. Since the first occurrence of 
"Minamata disease" in 1953, 121 cases resulting in 46 
deaths have been confirmed in the Minamata area with an 

Aquatic organisms concentrate methylmercury in their. ' 
I~odies either directly from the water or through the food 
chain (Johnels et al.' 1967 ;3e Hannerz 1 968:3" Hasselrot 
1 9 6 8 , ~ ~ ~  Miettinen ,e.t al. 1970348). Northern pike (Emu 
I~lcius) and rainbow trout (Salmo goirdneri) are able' to as- 
similate and concentrate methylmercury directly into their 
muscle tissues from ingested food (Miettinen et al. 1970). 34" 

In general, mercury in organisms eaten by fish increases a t  
each trbphjc level of the food chain (Hamilton 1971).335 
The magnitude of the bioaccumulation of.mercury is de- 
termined by the species, i t s  exposure, feeding habits, 
metabolic rate, age and size, quality of the water, and " - 
degree of mercury pollution in the water. Rucker 



h c n d  (1969)349 established that rainbow trout contained et al. 1971).356.The value of 0.1 pg/l is aiso reported as the 
2rrcury levels of 4.0 and 17.3 pg/g .in their muscle and earliest reliable estimate of mercury levels in uncontami- 
cicic-sr tissue after being exposed to 60 pg/l of ethylmercury nated fresh water (Swedish National Institute of Public 
lo; hour a day over 10 days. Fresh water phytoplankton, Health 1971).3" Some rivers tested by the Swedish Institute 
lacrophytes, and fish are capable of biologically magnifying were a s . 1 0 ~  as 0.05 pg/l, which was also the average mercury 
nercury concentrations from water 1000 times (Chapman level in some salt waters. 
:t al. 1968).330 Johnels et al. (1967)342 reported a mercury 
:oncentration factor from water to pike of 5000 or more. 
Johnels et al. (1967jG4' had previously shown that when 
nercury levels in pike muscle were below 0.2 p g g ,  the 
zvel was relatively corkstant irrespective of weight, but 
 hove 0.2 rg/g, the coficentration of mercury tended to 
ncrease with increasing age and weight. 

Experimeilts in progress at the National Water Quality 
Laboratory in Duluth, Minnesota, (Mount unpublished 
iata 1971)3u indicate that when brook trout (Salvelznvs 
'ontinalts) are held in water containing 0.05 pg/l of methyl- 
nercury for 2 months they can accumulate more than 
1.5 pg/g of mercury. This is a magnification of 10,000 
times. In the same experiments, exposure to 0.03 pg/l for 
5 months resulted in continuing accumulation in fish tissue ' 
with no indication of a plateau. In a group of fish held at  
Jne pgjl, some organs contained 30 pgjg. Some fresh water 
~nvertebrates have also been reported to have a 10,000 
rnacnificarion (Hannerz 1 968). 336 

Although the mechanisms by which mercury accumulates 
and concentrates have not been fully explained, at least 
three factors are involved: the metabolic rate of individual 
,is '.fferences in the selection of food as fish mature; 
anc .~le epithelial surface of the fish (Wobeser et al. 1970;3s7 
Hannerz 1968).8s8 T.he rate at which fish lose methyl- 
mercury also has considerable effect on magnification of 
mercury in the tissues. Miettinen et al. have shown in a 
series of papers (1 970)346 that the loss of methylmercury is 
00th fast and slow in fishes. The fast loss occurs early, while 
mercury is being redistributed through the body, and lasts 
only a few weeks. The subsequent~loss from established 
binding sites follows slowly; a half-life is estimated to be 
on the order of 2 years. These rates mean that fishes, and 
~e rhaps  other lower vertebrates, reduce their content of 
methylmercury many times more slowly than do the higher 
terrestrial vertebrates. Man, for example, is usually con- 
sidered to excrete half of any given mercury residue in 
about 80 days. Extremely low rates of loss have also been 
shown in different species of aquatic mollusks and crayfish 
(Cambarus) (Nelson 1 971).348 ' 

Excessive mercury residues in the sediments are dissipated 
only slowly. Lofroth (1970)345 estimated that aquatic habi- 
tats polluted with mercury continue to contaminate lfish for 
as long as 10 to 100 years after pollution has stopped. 

Mercury in Fresh Waters 

Mercury measured in the water of selected rivers of the 
IT 1 States ranged froln'less than 0.1 pg/l to 17 pg/l. 
T .hirds of the rivers contained 0.1 .pg/l or less' (Wallace 

Toxicity of Organic Mercury in Water 

Thr chemical form of methylmercury adrn~nistered to 
fish makes little difference in its tosic effect (hliettinen et 
al. 1970). 34'The methylmercury bound to sulfhydryl groups 
of proteins, as it would be in nature, is just as toxic as the 
free unbound ionic form. 

Fish are able to survive relatively high concentrations of 
organomercurials for a short time with few ill effects. For 
example, fry of steel head trout (Salmo gairdntri) and 
fingerlings of sockeye salmon (Oncorhynchus nerka) are able 
to survive in 10 mg/l of pyridyl mercuric acetate for one 
hour with no toxic effects (Rucker and Whipple 1951).3s0 
The LC50 of pyridyl mercuric acetate for some freshwater 
fish ranges from 390 rg/l to 26,000 rg/l for exposures be- 
tween 24 and 72 hours (Willford 1966;3s6 Clemmens and 
Sneed 1958,331 1959).ss2 

-4s the exposure times lengthen, lower concentrations of 
mercury are lethal. On the basis of 120-hour bioassay tests 
of three species of minnows, Van Horn and Balch (1955)354 
determined that the minimum lethal concentrations of 
pyridyl mercuric acetate, pyridyl mercuric chloride, phenyl 
mercuric acetate, and ethyl mercuric phosphate averaged 
250 pg/l. 

Recent experiments at the National Water Quality Lab- 
oratory (Mount, pe~sonal communication 1971)3s0 indicated 
that 0.2 pg/l of methylmercury kiied fathead minnows 
(Amephalesprornelas) within 6 to 8 weeks. Toxicity data from 
this same laboratory on several other species including 
Garnmarus, Daphnia, top minnow (Fundulus sp.) and brook 
trout (Salvclinus fontznalzs) indicated that none was more 
sensitive than the fathead minnow. 

Northern pike seem to be more sensitive. When they 
were reared in water containing 0.1 pg/l of methylmercury 
for a season and then placed in clean water, they underwent 
continuing mortality. Scattered mortality from this source 
could ordinarily not be detected in nature, because the 
affected fish became uncoordinated and probably would 
have been eaten by predators (Hannerz 1968,33Quoted by 
Nelson 197 1 348). 

Some species of plankton are particularly sensitive. 
Studies of the effect of meicury on phytoplankton species 
confirmed that concentrations as low as 0.1 pg/l of selected 
organomercurial fungicides decreased both the photosynthe- 
sis and the growth of laboratory cultures of the marine 
alga ~Vitrschza delzcatissum, as well as of some fresh water 
phytoplankton species (Harriss et al. 1970) .337 Ethyl- 
mercury phosphate is lethal to marine phytoplankton at 
60 pg/l, and levels as low as 0.5 pg/l drastically limit their 
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growth (Ukeles 1962). 353 There is insufficient information 
about the thresholds for chronic toxicity. 

Tissue Levels and Toxicity 

There is almost no information on the concentrations of 
mercury in the tissues of aquatic organisms that are likely 
to cause mortality of the orgadisms themselves. Fish and 
shellfish found dead in Minamata contained 9 to 24 pg,/g 
of mercury on the usual wet-weight basis; presumably some 
of these levels were lethal (Nelson 197 1). 348 Miettinen et al. 
(1970)346 showed that pike which had been experimentally 
killed by methylmercury contained from 5 to 9.1 pg/g and 
averaged 6.4 and 7.4 micrograms of methylmercury per 
gram of muscle tissue. 

~ i s c u s i o n  of Proposed Recorninqndrrtions 

At the present time there are not sufficient data available 
to determine the levels of mercury in water that are safe 
for aquatic organisms under chronic exposure. There have 
not been, for example, any experiments on the effects of 
chronic exposure to mercury on reproduction and growth 
of fish in the laboratory. Since experiments on sublethal 
effects are lacking, the next most useful information is on 
lethal effects following moderately long exposures of weeks 
or months. The lowest concentration shown to be lethal to 
fish is 0.2 pg/l of methylmercury which is lethal to fathead 
minnows (Pimephales promelas) in six weeks. Because 0.2 pg/l 
of methylmercury has been shown to be lethal, it is suggested 
that this concentration of mercury not be exceeded at any 
time or place in natural waters. Since phytoplankton are 
more sensitive, the average concentration of methylmercury 
in water probably should not exceed 0.05 pg/l for their 
protection. This recommended average is approximately 
equal to the supposed natural concentrations of mercury 
in water; hence little mercury can be added to the aquatic 
environment. The National Water Quality Laboratory 
(Mount, unpublished dale 1971 ) 361 found that exposure of 
trout to 0.05 ~ g / l  of methylmercury for 3 months resulted 
in concentrations of 0.5 pg/g, the Food and Drug .Adminis- 
tration guideline-for the maximum level for edible portions 
of fish flesh. 

These concentrations of mercury or methylmercury in 
water are very low and difficult to measure or,differentiate 
without special equipment and preparation. These low 
concentrations ca'n also only he measured as total mercury. 
Since sediments may contain 10,000 times the amount of 
mercury in water, suspended solids in water can seriously 
affect the values found in analyses of water for mercury 
(Jernelov 1972) .340 Because of these difficulties and because 
the real danger of mercury pollution results from a biological 
magn-ification, recommendations for mercury residues in 
tissues 6f aquatic organisms should be developed. This 
would make monitoring and control not only .more effecfve 
and certain but also more feasible technically. Unfortu- 
nately, data are not yet available on the residue levels that 

are safe for the aquatic organisms themselves and for 
organisms higher in the food chain, such as predatory fisl. 
or fish-eating birds. I t  is known that concentrations of 5 to 
10 pg!g are found in some fish that died of methylmercu 
poisoning, and that 0.01 to 0.2 pg/g is apparently a u s u ~ .  
background level in freshwater fish. Because data are lacking 
for safe residue levels in aquatic food chains, it is suggested 
that the Food & Drug Administration guideline-level of 
0.5 pg/g of total mercury in edible portions of freshwater 
fish used as human food be the guideline to protect predators 
in aquatic food chains. 

Hence, mercury residues should not exceed 0.5 pgjg in 
any aquatic organisms. If levels approaching this are found, 
there should be total elimination of all possible sources of 
mercury pollution. 

No distinction has been drawn between organic and in- 
organic forms of mercury in these discussions because of the ' 
possibility of biological transformation to the organic phase 
in aquatic habitats. Since the form of mercury in water 
cannot be readily determined, the recommendations are 
primarily based upon methylmercury but ercpressed as total 
mercury. 

Recommendations 

Selected species of fish and predatory .aquatic 
organisms should be protected when the following 
conditions are fulfilled: (1) the concentration of 
total mercury does not exceed a total body burden 
of 0.5 pg/g wet weight in any aquatic organisr 
(2) the total mercury concentrations in unfilter . 
water do not exceed 0.2 pg/l at any time or place; 
and (3) the average total mercury concentration in 
unfiltered water does not exceed 0.05 pg/l. 

PHTHALATE ESTERS 

The occurrence of dialkyl phthalate residues has been 
established in various segments of the aquatic environment 
of North America. Phthalate ester residues occur principally 
in samples of water, sediment, and aquatic organisms in 
industrial and heavily populated areas. (Stalling 1972) .s66 
I n  fish di-n-butyl phthalate residues ranged from 0 to 500 
pg/kg, and di-2-ethylhexyl phthalate residues were as high 
as 3,200 pg/kg. No well-documented information exists on 
the fate of phthalate compounds in aquatic environments. 

Phthalate eiters are widely used ai  plasticizers, particu- 
larly in polyvinyl chloride (PVC) plastics. The most 
common phthalate ester plasticizer is di-2-ethylhexyl phthal- 
ate. Di-n-butyl phthalate has been used as an insect repellent 
(Frear 1 969)38? and in pesticide formulations to retard 
volatil iz~ion (Schoof et al. 1963).3" Production of dioctyl 
phthalate ester placticizers was estimated to be 4.10 X 10"bs 
in 1970 (Neelvl 970).363 Total phthalate ester production 
was reported to be 8.40X 10Vbs in 1968, of wi-iich 4.40 X lo8  
Ibs were dioctyl phthalate esters (Nematollahi et al. 1967' "" 

Production of phthalic anhydride was estimated to 
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7.60X l0Vbs in 1970 (Neely 1970).aa3 PVC plastic formula- 
:ions may contain 30 to 60 parts per hundred of phthalate 
:st lasticizer (Nematollahi et al. 1967). 

Studies to determine the acute or chronic toxicity effects 
3f phthalate esters or other plasticizers on aquatic organisms 
lave only recently been undertaken (Stalling 1972) .36"or 
txample, the acute toxicity of di-n-butyl phthalare to fish 
s extremely low compared to pesticides (Table 111-14). 

Daphnia magna were exposed to 0.1 rg/l of 14C di-n-butyl 
3hthalate and the organisms accumulated chemical residues 
>f 600 rg/kg within 10 days, or a 6,000-fold magnification 
(Saunders, unpublished data 197 1). However, after transfer 
3f the Daphnia to uncontaminated water, approximately 
50 per cent of the di-n-butyl phthalate was excreted in three 
jays. I t  was recently found that a concentration of 3 pg/l 
3f di-2-ethylhexyl phthalate significantly reduced the growth 
and reproduction of Daphnia magna (Sanders unpublished 
data l,971).387 

The acute toxicity of phthalate esters appears to be rela- 
*ively insignificant, but these compounds may be detri- 
mental to aquatic organisms at low chronic concentrations. 

Recommendation 

Until a. more detailed evaluation is made of toxi- 
coIogica1 effects of phthalate esters on aquatic eco- 
:y. ns, a safety factor of 0.1 has been applied to 
d~ !or. Daphnia magna toxicity, and a level not 
t~ exceed 0.3 &/I should protect fish and their 
food supply. 

POLYCHLORINATED BIPHENYLS 

~ol~chlor ina ted  biphenyls (PCB) have been found in fish 
and wildlife in many parts of the world and at levels that 
may adversely affect aquatic organisms (Jensen et al. 
1969;376 Holmes et al. 1967;375 Koeman et al. 1969;a78 

TABLE III-14-Acute Toxicity of Di-n-butyl Phthalate to 
Four Species of Fish and Daphnia Magna. 

Fathead minnow (Pimaphalss promshr). ................... 1190 I300 (Llrllinppan 
........... B I U ~ ~ I ~  (Lapomir maochinrs). 1230 731 "nr (naanrpan 

Channel al l lsh (Ichiurur punctabr) ....... 3720 1910 2910 ~2talling)~~fi 
Rainbow bout (Llmo pirdnsri). ........................................ 6470 (SandarrYfi7 

..................................................... Oaphnia mslna.. >SO00 (Sandarrpm 

Risebrough et al. 1 968). 386 The environmental occurrence, 
uses, and present toxicological aspects of PCB were recently 
reviewed by Peakall and Lincer (1970),384 Gustafson 
(1 970),a72 ' ~ i s e b r o u ~ h  (1970), and Reynolds (1971').886 

~ i ~ h e n y l s  ' may 'have 1 to I0 ' attached chlorine atoms, 
making possible over 200"compounds (Gustafson 1970). 372 

PCB occur as residues in fish, and presumably also in water, 
as mixtures of chlorinated biphenyl isomers as shown in 
~able.111-15 (Stalling and Johnson, unpublished data 1 970,a98 
Stalling in 

Analysis of PCB has been accomplished by gas chromatog- 
raphy after separation of PCB from pesticides. A separation 
method has been described by Armour and Burke (1970)3E8 
and modified by Stalling and'Huckins (1971).381 A method 
using separation on a charcoal .column has shown good' 
reproducibility (Frank and Rees, personal communi~ation).~~~ 
No standardized gas-liquid chromatography method has 
been proposed .for the analysis of mixtures of PCB in' en- 
vironmental samples. The solubility of these formulations 
in water has not been prec'isely determined, but it is in the 
range of, ' 100 to 1,000 rg/l (Papageorge 1970) .asS Since 
PCB have gas' chromatographic characteristics similar to 
many organochlorine pesticide's, they can cause serious 
'interference in the chromatographic determination of 
chlorinated insecticides (Riiebrough et al. 1968) .386 

The Monsanto Company, the sole manufacturer of PCB 

TABLE III-15-Composition of PCB Residues in Selected Fish ~ a m p l e s  from the 1970 National Pesticide Residue 
Monitoring Program 

PCB Rsidua r r  Aroeior @ typ(r(/g.whola body) 
Rirar LoaUon Spudes 

1232 1248 1 W  1260 Total 

Ohio ............................ :. ....... CinrinnaU, 0. Carp Cyprinur urpio ID 75 42 6.0 133 
Ohlo ........................ .:. .......... CindnnaU, 0. Whits mppia Poziaut annulmm 16 . - - 17 27 5.6 66 
Ohio .................................... Mariella, 0. Channel a U s h  lrblurur punrhlur 38 21 11 4.8 n 
Ohio ..................... ..... ......... Marialla, 0. -Channal aMsh . 16 5.1 13 4.6 311 

................. ......... ....... Yaoo ................................... Radwood, MIS. Smallmouth buflalo IeUobuf bub.llur 72 ; .1.4 73 

................. Hudson .................................. Pouphkaapis, N.Y. Goldlsh Cannius auntur 9 173 32 113 
................ Allslhany ................................. Natrona, Pa. Wallaya Stazostadion ritraum v. 5.2 25 4.6 .35 

................. 'lalawars ..................... I ........... Camdan, HA. Whita psrch Roaur amarianus 8.0 6.11 3.8 19 
Caps Far... Uizabath Town. N.L Gizzard shad Pornroma capsdianum ......... ........ 18 1 2.6 1.1 23 ............................. 

................. Lake "-*no. ....................... ..:. . Part Onhrio, N.Y. Whits parch 13 4.6 1.2 19 

................. Mi ............................. MampMs,Tann. Drum Apbdinolu prunnisns 11 ‘ 4,s 3.4 19 
MI .: ............................. Lowall. M a u  Owm ' . 14 75 8.1 3.2 98 

I 
I . . 
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in the United States (Gustafson 1970),372 markets eight 
formulations of chlorinated biphenyls under the trademarks 
Aroclor @ 1221, 1232, 1242, 1248, 1254, 1260, 1262, and 
1268. The  last two digits of each formulation designate the 
percent chlorine. Aroclor @ 1248 and 1254 are produced in 
greatest quantities. They are used as dielectric fluids in 
capacitors and in closed-system heat exchangers (Papa- 
george 1970).9s3 Aroclor @ 1242 is used as a hydraulic fluid, 
and ArocloraD 1260 as a plasticizer. Chlorinated terphenyls 
are marketed under the trademark Aroclor @ 5442 and 5460, 
and a mixture of bi- and terphenyls is designated Aroclor @ 

4465. The  isomer composition and chromatographic char- 
acteristics of each formulation have been described by 
Stalling and Huckins (1971)ae1 and Bagley et al. (1970).370 
A contaminant of some PCB, especially those manufactured 
in. -Europe, are chlorinated dibenzofurans (Brungs personal 
comml~nication 1972).3e3 Although these byproducts would 
appear to be extremely toxic, no data are available on their 
toxicity to aquatic life. 

Direct Lethal Toxicity I 

Studies of toxicity of PCB to aquatic organisms are limited. 
They show considerable variation of toxicity to different 
species, as well as variation with the chlorine content of the 
PCB. Nevertheless, some trends in the toxic characteristics 
have become apparent, principally from the work of Mayer 
as described below: 

The  higher the per cent chlorine, the lower the ap- 
parent toxicity of PCB to fish (Mayer, in press).378 
This was found in 15-day intermittent-flow bioassays 
using bluegills (Lepomis macrochitus) and channel cat- 
fish (Ictalurus punctatus) with Aroclor@' 1242, 1248, 
1254. All LC50 values were in the range 10 to 300 
pg/l. - 
The bluegill/channel catfish experiments also illus- 
trated that all LC50 values decreased significantly 

' 

when exposures continued from 15 to 20 days. The 
96-hour LC50 of a PCB to fish cannot adequately 
measure its lethal toxicity. 
The same tests showed that the toxicity of Aroclor @ 

1248 doubled when the temperature was raised from 
20 C to 27 C. 

T o  invertebrates, AroclorB 1242 has about the same 
acute toxicity that it has to fish. In 4- and 7-day tests 
(Saunders, in press),38Q it killed Gammarus at 42 pg/1 and 
crayfish (Cambarus) at 30 pg/l, with values that were similar 
to the 15-day LC50 reported for bluegills. However, there 
is an extreme range in the reported short-term lethal levels 
of Aroclor @ 1254 for invertebrates. Saunders (in p r e ~ r ) ~ ~ ~  

- reported a 96-hour LC50 as 80 pg/l for crayfish and only 
3 pg/l for glass shrimp (Paleomonetes) in 7-day tests; and 
Duke et al. (1970)a71 reported that as little as 0.94 pg/l 
killed immature pink shrimp (Panaeus duorarum). Part of this 
vafiation is related to exposure periods i n  the tests; part 

I .  

i 
1. 

is no doubt the variation in species response. Again thib 
emphasizes the point that short-term tests of acute toxicitie. 
of PCB have serious limitations. 

Marine animals may be more: easily killed by PCB th 
freshwater ones (see Section IV). When nvo estuarine fisht, 
(Lagodon rhon~boides and Letostomus xanthurus) were exposed 
for 14 to 45 days to Aroclorm !254, mortalities were ob- 
served at 5 pg/l (Hansen, et al. 1971).373 This indicated a 
toxicity about five times greater than summarized above 
for freshwater fish hut about the same as the tosicity for the 
marine crustaceans mentioned above. 

Feeding Studies 

Dietary exposure to PCB seems to he less of a direct 
hazard to fish than exposure in water. Coho salmon 
(Oncorhynchus kisutch) fed Aroclor @ 1254 in varying amounts 
up to 14,500 pg/kg body weight per day accumulated whole 
body residues which were only 0.9 to 0.5 of the level in 
the food after 240 days of dietary exposure. Growth rates 
were not affected. However, all fish exposed to the highest 
treatment died after 240 days exposure; and thyroid activity 
was stimulated in all except the group treated at the lowest 
concentration (Mehrle.and Grant unpublished data 1971).s94 

At present, evaluation of data from laboratory experi- 
ments indicates that exposures to PCB in water represents 
a greater hazard to fish than dietary exposures. However, 
in the environment, residue accumulation from dietary 
sources could be more important, because PCB have a 
high affinity for sediments, and therefore, they readily e r  
food chains (Duke et al. 1970;371 Nimmo, et al. 1 971).3t 

Residues in Tissue 

I t  is clear that widespread pollution of major waterways 
has occurred, and that appreciable PCB residues exist in 
fish. When analyses of 40 fish from the 1970 National 
Pesticide Monitoring Program were made, only one of the 
fish was found to contain less than 1 pg/g PCB (Stalling 
and Mayer 1972).380 The 10 highest residue levels in the 
40 selected fish ranged from 19 pg/g to 213 pgjg whole 
body weight. 

By contrast, residues measured in ocean fish have been 
generally below 1 pg/g (Risebrough 1 970;387 Jensen, et al. 
1969).a78 Betiveen the ranges in freshwater fish and those 
in marine fish are the levels of PCB found in seals (Jensen 
et al. 1969;376 Holden 1970),974 and in the eggs of fish- 
eating birds in North America (Anderson et al. 1969;388 
Mulhern et al. 1971 ;380 Reynolds 1 971).38s 

In laboratory experiments, crustacea exposed to varying 
levels of Aroclor @ 1254 in the water concentrated the PCB 
within their bodies more than 20,000 times. The tissue 
residues may sometimes reach an equilibrium, and in 
Cammarus fasciatus PCB did not concentrate beyond 27,000 
times despite an  additional 3-week exposure to 1.6 pg/l 
AroclorB (Saunders 1972).388 In contrast, PCB residue- '1 
crayfish did not reach equilibrium after a 28-day expo. 
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PCE concentration factors by two estuarine fishes, Lagondon 
rhomboides and .Leiostomus xanthurus, were similar to that 
, .'Ted above fo,r crustaceans, i.e., about 10,000 to 50,000 
ril. .he exposure levels in hater (Hansen et al. 1971).373 
i t  is important to note that these accumulations occurred 
at water concentrations of' PCB that killed the fish in 15 
ro 45 days. 

.-\lso sirnilar were the accumulation ratios of 26,000 to 
56,OdO for i~luegills (Lepomis nracrociririis) chronically esposed 
to ? to 15 pg,!l of Aroclor @ 1248 and 1254. Fathead minnows 
~:Pin?epilr~les promelas) chronically esposed to' Aroclor @ ,1242 
and 1254 for 8 weeks concentrated PCB 100,000 and 
200,000 times the exposure levels, respectively. Residues of 
50 ug!l (whole body) resulted :from :exposure for 8 weeks 
tb 0.3 pgjl -4roclor @ 1254 (Nel~eker kt al. 1972).381 These 
esprriments with I~luegills also..indicated that the maxi'mum 
levels of PCB werc gener,ally rclated to the concentration 
of PCB in the water (50,000-200,000 times higher) to which 
they were esposed (Stalling and Huckins unpublishe> data 
1971).3:7 . . 

Effects on Reproduction 

PCB residues in salmon eggs are apparently related to 
mortality of eggs. I n  preliminary investigations in Sweden, 
Jensen and his associates (1970)377 reported that when 
residues in groups of eggs ranged from 0.1 to 1.9 pg/g on 
a whole-wei~ht I~asis (7.7 to 34 pg/g on a fat basis), related 
nw-+?lities ranged from 16 per cent up to 100 per cent. 

concentrations in the range of 0.5 to 10 pg/l in 
wawr interfered with reproduction of several aquatic ani- 
mals according to recent work of Nebeker et al. (1971).381 
About 5 pg/l of Aroclora 1248 was the highest concen- 
tration that did not affect reproduction of Daphnia magna 
and Gammarus pseudoltmnaeus. In  tests of reproduction by 
fathead minnows (Pzmephaiespromelas) all died when esposed 
chronically to gTeater than 8.3 pgjl of either Aroclor @ 1242 
or -4roclor @ 1251. Reproduction occurred at and below 
5.4 pg/l Aroclor @ 1212, and at and below 1.8 pg/l of 
-4roclor @ 1254. 

The association between residue levels and '  biological 
effects in aquatic animals is scarcely known, hut the work 
of Jensen et al. (1970)377 suggested that about 0.5 pg/g of 
PCB in whole salmon eggs might he the threshold for egg 
mortality. Such a level in eggs would be associated with 
levels in general body tissue (e.g., muscle) of 2.5 to 5.0 pg/g. 
The residue in muscle corresponded to the present Food and 
Drug Administration level for allowable levels of PCB in 
fish used as human food. Residues measured in the survey 
by the 1970 National Pesticide Monitoring Program were 
generally above 5 pg/g. 

Applying a minimal safety factor of 10 for protection of 
the affected population, and for protection of other species 
higher in the food chain, would yield a maximum permis- 
s; 'ssue concentration of 0.5 pg/g in any aquatic organism 
in -1 habitat affected by PCB. 

General Considerations and Further Needs 

Another means of control would be justified in view of 
the toxicity of PCB, the lack of knowledge about how it 
first enters natural ecosystems as a pollutant, and its ap- 
parent distribution in high concentrations in freshwater 
fish in the United States. This method would be to regulate 
the manufacture of PCB and maintain close control of its 
uses to a\.oid situations \\here PCB is lost to the environ- 
rncnt. The Monsanto Chmpany recently restricted the sale 
of PCB for uses in which disposal of the end products could 
not be controlled, as with plasticizers (Gustafson 1970). 372 

Basis fo'r Recommendations 

For PCB levels in water, the most sensitive reaction shown 
by aquatic organisms is to the lethal effects of low concen- 
trations continually present in water for long periods (weeks 
or months). C:oncentrations in the range of 1 to 8 pg/l 
have been shown to be lethal to several animals. 

The work of Hansen, et al. (1971)373 and Stallings and 
Huckins (inpubllshed data 1 971)391 indicates that concen- 
trations of 0.01 pg/l of PCB in water over periods of up to 
36 weeks could lead to dangerous levels of PCB in the 
tissues of aquatic organisms. Accumulation by factors of 
75,000 to 200,000 times is indicated by their work. If the 
higher ratio is taken, 0.01 pg/l in water might result in 2.0 
pg/g in flesh on whole fish basis. This is comparable to the 
residue level in salmon eggs associated with complete 
mortality of embryos. Therefore, a concentration is recom- 
mended that is reduced by a factor of 5, or 0.002 pg/l. In 
addition, a control based on residue levels is required, as 
well as one based on PCB in the water. 

Recommendations 

Aquatic life should be protected where the maxi- 
mum concentration of total PCB in unfiltered 
water 'does not exceell 0.002 pg/1 at any time or 
place, and the residues in the general body tissues 
of any aquatic organism do not exceed 0.5 &/g. 

, -  

METALS 

General Data. 

Several reviews of the toxicity of metals are available 
(e.g., Skidmore 1 964;428 McKee and Wolf 1963 
Doudoroff and Katz 1953):(0~ Some of the most relevant 
research is currently in progress or only recently completed. 
Some deals with chronic effects of metals on survival, 
growth, and reproduction of fish and other organisms. The 
completed studies have estimated safe concentrations, and 
from these application factors have been derived as defined . 
in the discussion of bioassays (pp. 1 18-123). 

The important relation between water hardness and 
lethal toxicity is well documented for some metals (see 

' 

~ i ~ u r e  111-9). For copper, the difference in toxicity may 
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Brown 1 9 6 8 : ~ ~ ~  Lloyd and Herbert 1960 'I4 

FIGURE III-9-The 48-Hour Lethal Concentrations of Three Heavy Metals for Rainbow Trout (Salmo gairdneri). (Sin 
Relationships Exist for Other Species of Fish.) 
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lot be related to the difference in hardness per se, but to 
he difference in alkalinity of the water 'that accompanies 
:h; . in hardness (Stiff 1971).434 Nevertheless, .the re- 
a: .o hardness is a convenient and accepted one. The 
terdness classification developed by the U.S. Geological 
iurvey is the following : 

Soft 0- 60 mg/l ,(hardness as CaC03) 
Moderately hard 6 1 - 120 mg/l 
Hard in escess .of 120 mg,'l 

There are many chemical species of metals in water; 
~omt: are toxic to aquatic life, others are not. Hydrogen ion 
:oncentration in water is extremely important in governing 
he species and solubility of-metals and therefore the lethal 
.oxicity. At high pH, many heavy metals form hydroxides 
sr basic carbonates that are relatively insoluble and tend 
.o precipitate. They may, however, remain suspended in 
:he water as fine particles (O'Connor et al. 1964;421 Stiff 
1971).434 

The toxicity of suspended hydroxides of metal depends 
>n the particular situation. For example, suspended zinc has 
been found to be nontoxic (Sprague 1964a& b),429e480 equally 
as toxic as dissolved zinc (Lloyd 1960)412 and more toxic 
than dissolved zinc (Mount 1966).417 This indicates that 
suspended zinc is at least potentially poisonous, and there- 
fore the total metal measured in the water should be con- 
sidered toxic. I t  is difficult to predict the effect of pH on 
to~;-;ty. For example, low pH (about 5) as well as high pH 
(a 9) reduced toxicity of copper and zinc compared to 
that at neutral pH (Fisheries Research Board of Canada 
unpublished data 1971).444 Therefore pH should be regulated 
in bioassays with metals in order to simulate local conditions 
and to explore any effect of local variation of pH. 

In addition to hardness, numerous other factors influence 
the lethal toxicity of copper to fish. McKee and Wolf 
(1963)415 and Doudoroff and Katz (1953)'Os included dis- 
solved oxygen, temperature, turbidity, carbon dioxide, 
magnesium salts, and phosphates as factors affecting copper 
toxicity. Artificial chelating compounds such as nitrilo- 
triacetic acid can reduce or eliminate toxic effects of zinc 
and other metals (Sprague 1968b)432 and there may be 
natural chelating agents that would do the same thing. 
Certain organic ligands (Bender .et al. 19f0)88n and amino 
acids from sewage treatment plant effluent (United King- 
dom Ministry of Technology 1969)435 also reduce the 
toxicity of copper by forming copper-organic complexes 
that do not contribute to lethal toxicity. I t  is safe to assume 
that some of these factors will influence the toxicity of other 
metals. I n  addition, the amount of metals found (at least 
temporarily) in living biological matter is included in most 
routine water analyses. At the present time, however, it is 
not possible to predict accurately the amount of total metal 
in any environment that may be lethal, biologically active, 
o \tributary to toxicity. Consequently, the following 
 re^ . -,imendations are made. 

Recommendations 

Since forms or species of metals in water may 
change with shifts in the water quality, and since 
the toxicity to aquatic, life may concurrently 
change in as yet unpredictable ways, it is recom- 
mended that water quality criteria for a given 
metal be based on the total amount of it in the 
water, regardless of the chemical state or form of 
the metal, except that settleable solids should be 
excluded from the analysis (Standard 31ethods 
1971).433 Additionally, hardness affects the toxicity 
of many metals (see Figure 111-9). 

Metals which have collected in the sediments 
can redissolve into the water, and such redissolved 
metals should meet the criteria for heavy metals. 
To protect aquatic life, amounts likely to be harm- 
ful ahould not occur in the sediments. 

1t is recommended that any metal species not 
specifically mentioned in this report but suspected 
of causing detrimental effects on aquatic life be 
examined as outlined in the section on ~ i o a s s a ~ s .  

Aluminum 

Current research by Freeman and Everhart (1 97 I 
indicated that aluminum salts were slightly soluble at 
neutral pH; 0.05 mg/l dissolved and had no sublethal 
effects on fish. At pH 9, at least 5 mg/l of aluminum dis- 
solved and this killed fingerling rainbow trout within 48 
hours. However, the suspended precipitate of ionized alumi- 
num is toxic. In most natural waters, the ionized or po- 
tentially ionizable aluminum would be in the form of anionic 
or neutral precipitates, and anything greater than 0.1 mg/l 
of this would be deleterious to growth and survival of fish. 

. 2 

Recommendation ' 

Careful examination of toxicity problems should 
be made to protect aquatic life in situations where 
the presence .of ionic', aluminum is suspected. , 

Aluminum may have considerably greater toxicity 
than has been assumed. 

Cadmium 

This metal is an extremely dangerous cumulative poison. 
In man?mals (Nilsson 1970),42a fish (Eaton ltnpublzshed dala 
197 and probably other animals, there is insidious, 
progressive, chr?nic poisoning because there is almost no 
excretion of the metal. In its acute lethal ac'tion on rainbow 
trout (Salmo gaadnen), Ball (1967)a8 found cadmium un- 
usually slow. A lethal threshold of 0.01 mq/l was not dis- 
cernible until seven days' exposure. Other investigators 
.(Pickering and Gast, in press,427 Eaton unlublished data 
1971)442 have determined lethal threshold concentrations in 
fathead minnows in 2 to 6 days and in bluegill in 96 hours. 
The chronically safe levels for both fathead minnows 
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(Pimephales promelas) (Pickering and Gast, in press) 427 and 
bluegill sunfish (Lepomis manochirus) (Eaton unpublished data 
1971)442 in hard water (200 mg/l as CaC03) are between 
0.06 and 0.03 mg,/l. In these exposures, death of eggs or 
early larvae was one of the effects observed at the lowest 
unsafe concentrations tested. Recent exposures of eggs and 
larvae at the National Water Quality Laboratory (Duluth) 
in soft water (45 mg/l as CaC03) demonsrrated that 0.01 
mg/l was unsafe; 0.004 mg/l was safe for several warm- and 
coldwater fishes, including some salmonids: and the safe 
level for coho salmon fry (Oncorlynchus kzsutch) was lower, 
i.e., between 0.004 mg/l and 0.001 mgil (McKim and 
Eaton unpublished data 197 1). 44b 

Daphnza magna appeared to be very sensitive to cadmium. 
Concentrations of 0.0005 mg/l were found to reduce repro- 
duction in one-generation exposures-lasting three weeks 
(Biesinger and Christensen unpublished data 1971).440 This 
sensitivity is probably representative of other crustaceans 
as well. 

Recommendation I 

Aquatic life should be protected where levels of' 
cadmium do not exceed 0.03 mg/l in water having 
total hardness above 100 mg/l as CaCOa, or 0.004 
mg/l in waters with a hardness of 100 mg/l or 
below at any time or place. Habitats should be 
safe for crustaceans or the eggs and larvae of 
salmon if the levels of cadmium do not exceed 
0.003 mg/l in hard water or 0.0004 mg/l in soft 
water at any time or place. 

Chromium 

for fathead minnows in hard water (Pickering unpublisI~e~' 
data 1971).446 

For Daphnia the LC50 of hexavalent chromium was rr 
ported as 0.05 mg/l, and the chronic no-effect level 
trivalent chromium on reproduction was 0.33 mg/l (Bie- 
singer and Christensen unpublzshed data 197 1). 440 Some data 
are available concerning the toxicity of chromium to algae. 
The concentrations of chromium that inhibited growth for 
the test organisms are as follows (Hervey 1949) :"O Chlor- 
ococcales, 3.2 to 6.4 mg/l; Euglenoids, 0.32 to 1.6 mg/l. 
and diatoms, 0:032 to 0.32 mg/l. Patrick (unpubhshed dato 
1971)447 found that 50 per cent growth reduction for two 
diatoms in hard and soft water occurred at 0.2 to 0.4 mg/l 
chromium. 

Thus it is apparent that there is a great range of sensi- 
tivity to chromium among different species of organisms. 
and in different waters. Those lethal levels reported above 
are 17 to 1 18 mg/l for fish, 0.05 mg/l for invertebrates, and 
0.032 to 6.4 mg/l for algae, the highest value being 3,700 
times the lowest one. The apparent "safe" concentration 
for fish is moderately high, but the recommended maximum 
concentration of 0.05 mg/l has been selected in order to 
protect other organisms, in particular Daphnia and certain 
diatoms which are affected at slightly below this concen- 
tration. 

Mixed aquatic populations should be protected 
where the concentration of total chromium 
water does not exceed 0.05 mg/l at any time L- 

place. 

The chronic toxicity of hexavalent chromium to fish has 
been studied by Olson (1958),422 and Olson and Foster 
(1 956,423 1 957).424 Their data demonstrated a pronounced 
cumulative toxicity of chromium to rainbow trout and 
chinook salmon (On~orh~nchzrs tsharuytscha). Duodoroff and 
Katz (1953)406 found that bluegills (Lepomis macrochirus) 
tolerated a 45 mg/l level for 20 days in hard water. Cairns 
(1956),403 using chromic oxide (Cr03), found that a concen- 
tration of 104 mg/l was toxic to bluegills in 6 to 84 hours. 
Bioassays conducted with four species of fish gave 96-hour 
LC50's of hexavalent chromium that ranged from 17 to 
118 mg/l, indicating little effect- of hardness on toxicity 
(Pickering and Henderson 1 966).426 

Recently some tests of chronic effects on reproduction of 
fish have been carried out. The 96-hour LC50 and safe 
concentrations for hexavalent chromium were 33 and 1.0 
mg/l for fathead minnows (Pimephales promelas) in hard 

- water (Pickering un,brtblished data 1971),44"b0 and 0.6 mg/l 
for brook trout (Saluelinus fontznalis) in soft water, and 69 
and 0.3 mg/l for rainbow trout (Salmo gairdneri) in soft 
water (Benoit unpublished data ' 1971) .438 Equivalent values 
for trivalent chromium were little different: 27 mg/l for 
the 96-hour LC50, and 1.0 mg/l for a safe concentration 

Copper 

Copper is known to be particul&ly toxic to algae and 
mollusks, and the implications of this should be considered 
for any given body of water. Based on studies of effects on 
these organisms, it is known that the criteria for fish protect 
these other forms as well. Recent work (Biesinger et al. 
unpubl2shed data 1971)439 indicated that the safe level of 
copper for reproduction and growth of Daphnia mapna in 
soft water (45 mg/l as CaC03) is 0.006 mg/l, 'which is 
similar to the concentrations described below as safe for 
fish. The relationship of LC50 to water hardness was shown 
in Figure 111-7 for rainbow trout (Salmo gazrdneri). 

The safe concentration of copper for reproduction by fat- 
head minnows (Pimephales promelas) in hard water (200 
mg/l as CaC03) was between 0.015 and 0.033 mg/l 
(Mount 1968),418 and in soft water (30 mg/l as CaC03) 
was between 0.011 and 0.018 mg/l (Mount and Stephan 
1969).419 More recent work with fathead minnows in hard 
water indicated that a concentration of 0.033 mg/l would 
probably be safe (Brungs unpublzshed data 1971) .441 AC- 
ceptable reproduction by brook trout (Salvelznus fontznalis) 
in soft water (45 mg/l as CaC03) occurred between 0 
and 0.018 mg/l (McKim and Benoit 1971).41The saf~ 
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lethal ratios determined in these studies varied somewhat; 
but that for hard water is close to 0.1 and that for soft water 
h oximately 0.1 to 0.2. In very soft water, typical of 
?ox.., L~orthern and mountainous regions, 0.1 of the 96-hour 
LC50 for sensitive species would be close to what is con- 
sidered a natural concentration in these waters. 

Recent work indicated that avoidance reactions by' fish 
may be as restrictive as reproductive requirements or even 
more so (Sprague 1964b).4s0 I t  has been demonstrated that 
4tlantic salmon (Salmo salar) avoid a concentration of 0.004 
mg,/l in the laboratory. 

Recommendation 
I 

Once a 96-hour LC50 has been determined &ing 
the receiving water in question and the most sensi- 
tive important species in the locality as the test 
organism, a concentration of copper safe to aquatic 
life in that water can be estimated by multiplying 
the 96-hour LC50 by an application factor of 0.1. 

I 

Lead 

Lead has a low solubility of 0.5 mg/l in soft water and 
only 0.003 mg/l in hard water, although higher concen- 
trations of suspended and colloidal lead may remain in the 
water. The extreme effects of water hardness on lead toxicity 
are demonstrated by the LC50 values in hard and soft 
H' 7. The 96-hour LC50 values in soft water (20, to 45 
n.. - as CaCOs) were 5 to 7 mg/l and 4 to 5 mg/l for the 
fathead minnow (Pimephales promelas) and the brook trout 
(Salvelinus fonttnalis) respectively (Pickering and Henderson 
1966, O8 Benoit unpublished data 197 1). Brown (1 968) 
reported a 96-hour LC50 of 1 mg/l for rainbow trout 
(Salmo gairdneri) in soft water (50 mg/l as CaC08). (See 
Figure 111-9 for other values for this species.) The 96-hour 
LC50 values of lead in hard water were 482 mg/I and 
442 mg/l for fathead minnow and brook trout (Pickering 
and Henderson 1966). 4Z6 

There is not sufficient information on chronic toxicity 
of lead to fish to justify recommending values as application 
factors. However, preliminary information on long ex- 
posures (2 to 3 months) on rainbow trout and brook trout 
(Everhart unpubltshed data 1971,443 Benoit unpublzshed data 
1971)48s indicated detrimental effects at  0.10 mg/l of lead 
in soft water (20 to 45 mg/l as CaC03), a safe-to-lethal 
ratio of less than 0.02. 

Growth of guppies (Lebistes) was affected by 1.24 mg/l 
of lead (Crandall and Goodnight 1962). 'OS Jones (1 939) 
and Hawksley (1967)40s found chronic or sublethal effects 
on sticklebacks from lead concentrations of 0.1 and, 0.3 
mg/l. The conditioned behavior of goldfish (Carassius 
auralus) in a light-dark shuttlebox was adversely affected 
b- 0 07 mg/l of lead in soft water (Weir and Hine 1970).457 

ronic lead toxicity was recently investigated with 
.Daphnia magna (Biesinger and Christensen unpublished data 

1971)44n and the effect on reproduction was observed at a 
level of 0.03 mg/l of lead. This concentration of 0.03 mg/l, 
the safe level for Daphnia, is recommended as the criterion 
for protection of aquatic life. It is probably also close to 
the safe level for fish, because the tests described above, 
alrhough somewhat preliminary, indicated thzt concen- 
trations about 2 or 3 times higher had detrimental effects. 

Recommendation 

The concentration of le'zid in water shoul'd not 
be higher, than 0.03 mg/l ,at any time or place in 
.order to protect aquatic life. 

8 ,  

Mercury 

Most data about mercury involve the organic compounds 
(see the discussion of Organic Mytcury, p. 172.) Infor- 
mation is available, however, for inorganic mercury in the 
form of mercuric ions. Short-term 96-hour bioassay studies 
indicated that concentrations of 1 mg/l are fatal to fish 
(Boetius 1 960,400 Jones 1 939,411 Weir and Hine 1 970).4" 
For long-term exposures of 10 days or more, mercury levels 
as low as 10 to 20 mg/l have been shown to be fatal to fish 
(Uspenskaya 1946) .436 

Recommendation 

In protecting aquaticmlife, the recommendations 
for organic mercury (p.  174) also pertain here. 

Nickel 

The 96-hour LC50 of nickel for fathead minnows . 
(Ptrnephales promelas) ranges from 5 mg/l in soft water (20 
mg/l as CaCOs) to 43 mg/l in hard water (360 mg/l as 
CaC03) under static test conditions (Pickering and Hender- 
son 1966).426 In  water of 200 mg,/l hardness (as CaC03), 
the 96-hour LC50 for fathead minnows was 26 to 31 mg/l 
with a chronically safe concentration between 0.8 and 0.4 
mg/l (Pickering unpublished dala 1971).448 On the basis of 
this work, an application factor of 0.02 appeared to be 
appropriate for the protection of fish. If this factor is used, 
the estimated safe concentration of nickel for fathead 
minnows in soft water would be about 0.1 mg/l. Using 
static test conditions and Daphnia magna, Biesixlger and 
Christensen (unpublrshed data 1971)440 determined that a 
nickel concentration of 0.095 mg/l reduced reproduction 
during a 3-week exposure in soft water (15 mgjl as CaCOa), 
and a nickel concentration of 0.030 mg/l had no effect. 
This result indicated that the sensitivity of Daphnta magna 
is comparable to that of fish. 

Recommendation 

Once a 96-hour LC50 has, been determined using 
the'receiving water in question and the most sensi- 
.tive'<important species in  the locality as the' test 
organism, a concentration of nickel safe to aquatic 
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life in that water can be estimated by multiplyin@ 
the 96-hour LC50 by an application factor of 0.02. 

Zinc 

The acute lethal toxicity of zinc is greatly affected by 
water hardness (see Figure 111-7). Pickering and Henderson 
(1966)42Vetermined the 96-hour LC50 of irnc for fathead 
minnows (Pzrnephales promelas) and bluegills (Lepornzs macro- 
chznts) using static test conditions. For fathead minnows in 
soft water (20 mg/1 as CaC03) the LC50 was 0.87 mg/l, 
and in hard water (360 mg/l as CaC03) it was 33 mg/l. 
Bluegills were more resistant in both waters. Similarly the 
lethal threshold concentration was 3 or 4 times as high for 
coarse fish as for trout (Salvel~nusfon~~nalis) (Ball 1967) .398 

The 24-hour LC50 of zinc for rainbow trout (Salrno 
gatrdneri) was reduced only 20 per cent when the fish were 
forced to swim at 85 per cent of their maximum sustained 
swimming speed (Herbert and Shurben 1 964).409 The maxi- 
mum effect of a reduction in dissolved oxygen from 6 to 7 
mg /l to 2 mg/l on the acute toxicity of zinc was a 50 per cent 
increase (Lloyd 1 961,413 Cairns and Scheier 1 958,'04 Picker- 
ing 1968)."5 The effects are small in comparison to the 
difference between acutely tosic and safe concentrations. 
The recommended application factor recognizes these 
effects. 

A chronic test in hard water (200 mg/l as CaC03), 
involving fathead minnow reproduction, determined the 
safe concentration of zinc to be between 0.03 mg/l, which 
had no effect, and 0.18 mg/l, which caused 83 per cent 
reduction in fecundity (Brungs 1969). '02 Using the 96-hour 
LC50 of 9.2 mg/l, the ratio of the abbve no-effect concen- 
tration to the LC50 is 0.0034. Interpolation suggests that 
about 0.005 of the LC50 would cause 20 per cent reduction 
of fecundity, making the best estimate of a valid application 
factor close to 0.005. 

There was a reduction in reproduction of Daphnia magna 
at a zinc concentration of 0.10 mg/l using soft water (45 
mg/l as CaC03)  (Biesinger and Christensen unpublished data 
1971).440 No effect was observed a t  0.07 mg/l, which indi- 
cated that Daphnza magna was more resistant to zinc than 
the fathead minnow. 

Plvoidance reactions by rainbow trout in the laboratory 
have been caused by 0.01 of the LC50 of zinc (Sprague 
1 968a) .431 

Recommendation 

Once a 96-hour LC50 has been determined using 
the receiving water in question and the most sensi- 
tive important species in the locality as the test 
organism, a concentration of zinc. safe to aquatic 
life in that water can be estimated by multiplying 
the 96-hour LC50 by an application factor of 0.005. 

PESTICIDES 

Pesticides are chemicals, natural and synthetic, used to - 
control or destroy plant and animal life considered adver 
to human society. Since the 1940's a large number o. 
synthetic organic compounds have been developed for 
pesticide purposes. Presently there are thousands of regis- 
tered formulations incorporating nearly 900 different chemi- 
cals. Trends in production and use of pesticides indicate an 
annual increase of about 15 per cent, and there are pre- 
dictions of increased demand during the next decade (Mrak 
1969).477 The subject of pesticides and their environmental 
significance has been carefully evaluated in the Report of 
the Secretary's Commission on Pesticides and their Re- 
lationship to Environmental Health (Mrak 1969).477 

Methods, Rate, ' ind Frequency of ~ ~ ~ l i c c t t i o n  

Pesticides are used for a wide variety of purposes in a 
multitude of environmental situations. Often they are 
categorized according to their use or intended target (e.g., 
insecticide, herbicide, fungicide), but their' release in the 
environment presents an inherent hazard to many non- 
target organisms. Some degree of contamination and risk 
is assumed with nearly all pesticide use. The risk to aquatic 
ecosystems depends upon the chemical and physical prop- 
erties of the pesticide, type of formulation, frequency, rate 
and methods of application, and the nature of the receiving 
system. 

The pesticides of greatest concern are those that 
persistent for long periods and accumulate in the envircl 
ment; those that are highly toxic to man, fish, and wildlife; 
and those that are used in large volumes over broad areas. 
A list of such chemicals recommended for monitoring in the ' 

environment appears in Appendix 11-F. The majority of 
these compounds are either. insecticides or herbicides used 
extensively in agriculture, public health, and for household 
or garden purposes. I n  the absence of definitive data on 
their individual behavior and their individual effect on the 
environment, some generalization about pesticides is re- 
quired to serve as a guideline for establishing water quality 
criteria to protect aquatic life. In specific instances, how- 
ever, each compound must be considered individually on 
the basis of information about its reaction in the environ- 
ment and its effect on aquatic organisms. 

I 

Sources and .Distribution . 

The major sources of pesticides in water are runoff from 
treated lands, industrial discharges, and domestic sewage. 
Significant contributions may also occur in fallout from 
atmospheric drift and in precipitation (Tarrant and Tatton 
1968).485 Applications, to water surfaces, intentional or 
otherwise, will result in rapid and estensive contamination. 
The persistent organochlorine pesticides have received the 
greatest attention in monitoring programs (Lichtenb, 
et al. 1970,'" Henderson et al. 1969).461 Their extenb. -- 
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tiistribution in aquatic systems is indicative of environ- 
mental loading from both point and nonpoint sources. 

qy pesticides have a low water solubility that favors 
tl. apid sorption on suspended or sedimented materials 
and their affinity to plant and animal lipids. Soluble or 
dispersed fractions of pesticides in the water rapidly decline 
after initial conta'mination, resulting in increased concen- 
trations in the sediments (Yule and Tomlin 1971).'8Q In 
streams. much of the residue is in continuous transport on 
suspended particulate inaterial or in sediments (Zabik 
1969).4Q0 The distril~ution within the stream flow is non- 
uniform because of unequal velocity and unequal distri- 
bution of suspended materials within the stream bed (Feltz 
et al. 1971).d64 Seasonal fluctuations in runoff and use 
pattern cause major changes in concentration during the 
year, but the continuous downstream transport tends to 
reduce levels in the upper reaches cf streams while increas- 
ing them in the downstream areas and eventually in major 

, receiving basins (i.e., lakes, reservoirs, or estuaries). If 
applications in a watershed cease entirely, residues in the 
stream will gradually and continuously decline (Sprague 
et al. 1971).484 A similar decline would be espected in the 
receiving basins but at a slower rate. 

In  lakes the sediments apparently act as a reservoir from 
which the pesticide is partitioned into the water ,phase 
according to the solubility of the compound, the concen- 
tration in the sediment, and the type of sediment (Hamelink 
et - 1  1971).469 Dissolved natural organic materials in the 
c\ may greatly enhance the water solubility of some 
peh~lcides (Wershaw et al. 1969) .487 Some investigations 
Indicated pesticides may be less available to the water in 
eutrophic systems where the higher organic content in the 
sediments has a greater capacity to hold pesticide residues 
(Lotse et al. 1968,472 Hartung 19704"). This in part ex- 
plained the difference in time required for some waters to 
"detoxify," as observed in lakes treated with toxaphene to 
eradicate undesirable fish species (Terriere et al. 1 966).486 

Herbicides applied to aquatic systems to control plant 
growths are removed from the water by absorption in the 
plants or sorption to the hydrosoil. The rate of disappearance 
from the water may be dependent upon the availability of 
suitable sorption sites. Frank and Comes (1 967) 466 found 
residues of dichlobenil in soil and water up to 160 days after 
application. They also found that diquat and paraquat 
residues were persistent in hydrosoils for approximately 3 
to 6 months after application. Granular. herbicide treat- 
ments made on a volume basis deposit greater quantities on 
the hydrosoil in deep water areas than in water of less depth. 
The granules may supply herbicide to the water over a 
period of time depending upon solul~ility of the herbicide, 
c.oncentrations in the granule, and other conditions. 

Because the distribution of pesticides is nonuniform, 
sampling methods and frequency, as well as selection of 
s ing sites, must be scientifically determined (Feltz 
e~ . -1971).4w Pesticides found in the water in suspended 

particulate material and in sediments may be toxic to 
aquatic organisms or contribute to residue accumulation 
in them. 

Persistence and Biological Accumulation 

All organic pesticides are subject to metabolic and non- 
metabolic degradation in the environment. Specific com- 
pounds vary widely in their rate of degradation, and some 
forrr, degradation products that may be both persistent and 
tosic. Most pesticides are readily degraded to nontoxic or 
rlernentary materials within a few days to a few months; 
these compounds may be absorbed by aquatic organisms, 
but the residues do not necessarily accumulate or persist 
for long periods. Concentrations in the organism may be 
higher than ambient water levels, hut they rapidly decline 
as water concentrations are diminished. Examples of such 
dynamic exchange have been demonstrated with malathion 
(Bender 1969),448 methoxychlor (Burdick et al. 1 968),44Q 
and various herbicides (Mullison 1 970).d78 If degradation 
in water is completed within sufficient time to prevent toxic 
or adverse physiological effects, these nonpersistent com- 
pounds do not pose a long-term hazard to aquatic life. 
However, degradation rates of specific pesticides are often 
dependent upon environmental conditions. Considerable 
variation in persistence may be observed in waters of differ- 
ent types. Gakstatter and PVeiss (1965),566 for example, 
have shown that wide variations in the stability of organic 
phosphorous insecticides in water solutions is dependent 
upon the pH  of the water. The half-life of malathion was 
reduced from about six months at pH 6 to only one to two 
weeks at pH 8. Repeated applications and slow degradation 
rates may maintain elevated environmental concentrations, 
but there is no indication that these compounds can be 
accumulated through the food chain. 

Some pesticides, primarily the organochlorine com- 
pounds, are extremely stable, degrading only siowly or 
forming persistent degradation products. Aquatic organisms 
may accumulate these compounds directly by absorption 
from water and by eating contaminated food organisms. 
I n  waters containing very low concentrations of pesticides, 
fish probably obtain the greatest amount of residue from 
contaminated foods; but the amount retained in the tissue 
appears to be a function of the pesticide concentration in 
the water and its rate of elimination from the arganism 
(Hamelink et al. 1971).4s The transfer of residues from 
prey to predator in the food chain ultimately results in 
residues in the higher trophic levels many thousand times 
higher than ambient water levels. Examples of trophic 
accumulation have been described in several locations in- 
cluding Clear Lake, California (Hunt and Bischoff 1 960),463 
and Lake Poinsett, South Dakota (Hannon et al. 1970).4AB 

Residues 

Samples of wild fish have often contained pesticide resi- 
dues in greater concentrations than are tolerated in any 
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commercially produced agricultural products. The highest 
concentrations are often found in the most highly prized 
fish. Coho salmon (Oncorhyncus kzsutch) from Lake Michigan 
are not considered acceptable for sale in interstate commerce 
on the basis of an interim guideline for DDT and its 
metabolites set for fish by the U.S. Food and Drug Adminis- 
tration (Mount 1968) .476 Lake trout (Salvelznus namaycush) 

I and some catches of chubs (Coregonus klyl ?nd"pgonus hcyi) 
and lake herring (Coregonus artedi) from LJak~"'iVfichigan also 
exceed the guideline limits and are thus not considered 
acceptable for interstate commerce (Reinert 1970;481 Michi- 
gan Department of Agriculture personal comrnunicat~on).~~~ 
Pesticide residues in fish or fish products may enter the 
human food chain indirectly in other ways, as in fish oil 
and meal used in domestic animal feeds. 

Fish may survive relatively high residue concentrations 
in their body fats. but residues concentrated in the eggs of 
mature fish may be lethal to the developing fry. Up to 
100 per cent loss of lake trout (Salvelznus namaycush) fry 
occurred when residues of DDT-DDD in the eggs eyceeded 
4.75 mg/kg (Burdick et al. 1964).460 A similar mortality 
was reported in coho salmon fry from Lake Michigan 
where eggs contained significant quantities of DDT, di- 
eldrin, and polychlorinated biphenyls (Johnson and Pecor 
1 969;488 Johnson 1968) .486 Johnson (1967)487 reported that 
adult fish not harmed by low concentrations of endrin in 
water accumulated levels in the eggs that were lethal to the 
developing fry. Residues in fish may be directly harmful 
under stress conditions or at different temperature regimes. 
Brook trout (Salvelinus fontznalzs) fed DDT a t  3.0 mg/kg 
body weight per week for 26 weeks suffered 96.2 per cent 
mortality during a period of reduced feeding and declining 
water temperature. Mortality of untreated control fish 
during the same period was 1.2 per cent (Macek 1968).473 
Declining water temperature during the fall was believed 
to cause delayed mortality of salmon p a n  in streams con- 
taminated with D D T  (Elson 1 967).45a 

In addition to the problem of pesticide residues in aquatic 
systems, other problems suggest themselves and remain to 
be investigated, including the potential of resistant fish 
species to accumulate levels hazardous to other species 
(Rosato and Ferguson 1968) ;482 the potential for enhanced 
residue storage when fish are exposed to more than one 
compound (Mayer et al. 1970);474 and the potential effect 
of metabolites not presently identified. The adverse effects 
of DDT on the reproductive performance of fish-eating 
birds has been well documented. (See the discussion of 
Wildlife, pp. 194-198.) 

Levels of persistent pesticides in water that will not result 
in undesirable effects cannot be determined on the basis of 
present knowledge. Water concentrations below the practical 
limits of detection have resulted in unacceptable residues in 
fish for human consumption and have affected reproduction 
and survival of aquatic life. Criteria based upon residue 

concentrations in the tissues of selected species may offer 
some guidance. .Tolerance ,levels for pesticides in wild fish 
have not been. established, but action levels have been sug- 
gestid by the U.S: Food and Drug Administration (Mow 
1968).476 However,. acceptable concentrations of persistent 
pesticides .that pffer protection to -aquatic life and human 
.health are unknown: . . 

I t  should. .also. be recognized that residue criteria are 
probably unacceptable except on a total ecosystem basis. 
Residues in stream fish may meet some guidelines, but 
pesticides from that stream may eventually create excessive 
residues in fish in the downstream receiving basins. Until 
more is known of the effects of persistent pesticide residues, ' 

any accumulation must be considered undesirable. 

Toxicity 

Concentrations of pesticides that are lethal to aquatic life 
have often occurred in local areas where applications overlap 
streams or lakes, in streams receiving runoff from recently 
treated areas, and where misuse or spillage has occurred. 
Applications of pesticides to water to control noxious 
plants, fish, or insects have also killed desirable species. 
Fish populations, however, usually recovered within a few 
months to a year (Elson 1967).463 The recovery of aquatic 
invertebrates in areas that have been heavily contaminated 
may require a longer period, with some species requiring 
several years to regain precontamination numbers (Cope 
1961 ,451 Ide 1 967).405 Undesirable species of insects may be 
the first to repopulate the area (Hynes 1961),484 and 
some instances the species composition has been  complete^,. 
changed (Hopkins et al. 1966).482 Areas that are contami- 
nated by pesticide application are subject to loss of fish 
populations and reduced food for fish growth (Schoenthal 
1 964,a3 Kerswill and Edwards 1967). Where residues are 
persistent in bottom sediments for long periods, benthic 
organisms may be damaged even though water concen- 
trations remain low (Wilson and Bond 1969).488 

Pesticides are toxic to aquatic life over wide ranges. 
Great differences in susceptibility to different compounds 
exist between species and within species. For example, 
96-hour LC50 values of 5 to 610,000 wg/l were reported 
for various fish species exposed to organophosphate pesti- 
cides (Pickring et al. 1962).47D In addition to species' 
differences, the toxicity may be modified by differen'ces in 
formulation, environmental conditions, animal size and age, 
and physiological condition. The'effect of combinations of 
pesticides on aquatic organisms has not received sufficient 
attention. Macek (unpublished data 1971)4D1 reported that 
combinations of various common pesticides were synergistic 
in their action on bluegill (Lepomis macrochirus) and rainbow 
trout (Salmo gairdneri), while others had additive effects. 
Several of the combinations that were found to be syner- 
gistic are recommended for insect pest control (Table 
111-16). 
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TABLE Ill-1bAcute Tosic Interaction of Pesticide data, the application factors for, many compounds must be 
Combinations to Rainbow Trout and BIuegills. arbitrary values set with the intention of providing some - margin of safety for sensitive species, prolonged exposure, 

PC: bimtion - - and potential effects of interaction with other compounds. 
Compound A Compaund B Tolie intsnction 

Basis for Criteria 
~ D T . ,  ......................... Vapona Additive 
.... ". .......................... Enddn' Additive 
... .". .......................... Dieldrin Additive The reported acute toxiciry values and subacute effects 

........................ ... ." hinoharmethyl Additive 
. I q . .  Touphcna 

of pesticides for aquatic life are lisced in Appendix 11-D. ... ........................ add it ire^ 
... ." ........................ .... z ~ s l n r i  Additive The acute toxicity values multiplied by the appropriate 
...." ............................ BHC Synargirtic~ application factor provided the recommended criteria. The 
Panthion ...................... ... coppr sullata Synerflrtic 
... .". ........................... Dialinon . , Synar@irtic 

96-hour LC50 should be multiplied by an application factor 
.... ". ........................... DOT Additiwa of 0.01 in most cases. The value derived from multiplying 
... .". ........................... Endowlf~n Additive 
.... I( .............. .. ......... ... ~au~o~ythchlw Synar~irtico . the 96-hour LC50 by a factor of 0.01 can be used as the 
Malathion ........... ... ...... Baytax Synarglrtic 24-hour average- concentration. ... .". ........................... Copper ~ l h t s  Anlak!onistic 
. . . . l a  ............................ DOT ~ d i t i v s  Recommended .concentrations of pesticides may be. below 
.... ". ........................... EPN Synergistic th:;*; ipcesently detectable without ad.ditiona1 extraction and 
. ...". ........................... Panthion Synerglrtic 
.... ". ................... .. ..... Perthrne S~neqlrt ica c&&htration techniques. However., ,concentiations below 
... .". ........................... Carharyl Srnsrgirtic* those detectable by routine techniques are known to cause . 
... :". ........................... Toxnphane Addi8vv! 
h r b a v l  .......................... coppar ~ul lata s~nerl/l1/c detrimental effects to aquatic organisms and to man. 
... .'I. ............... .. .........' DOT Additlra Therefore, reicommendations are based on bioassay pro- 
...." ............................ )sinphomsthyl AddlUwo 
... ." ............................ MOV~OI~C~IP~ ~ d i u v a  , cedures and the use of an appropriate application factor. 
....'I ............................ Ps8thion . ~ d f f l t i w ~  The recommendations are based upon the most sensitive 
Methyl pmthlon .................. DOT AddiUvs 
... ." ........................... EndosuMan AddlUven species. Permissible concentrations in water have been sug- 
... .*I. ........................... CPIB~I A ~ ~ ~ U V W  gested only where several animal species have been tested. 
Blddn ............................ Sumlthion AddiUvs 

Where toxicity data are not available, acute toxicity bio- 

a This combiartion mwmmsndsd lor canlrt+l of inrcrl p u t s  by Ihs U.S. Dsprlrnent of A m l l u r a  
assays should be conducted with locally important sensitive 

N-I - d o n  01 m d e  N ~ E S  dws  not constitute sndorrsmant aquatic species, and safe levels should be estimated by using 

Most data on pesticide effects on aquatic life are limited 
to a few species and concentrations that are lethal in 
short-term tests. The few chronic tests conducted with 
aquatic species indicated that toxic effects occurred at  much 
lower concentrations. Mount and Stephan (1967)475 found 
the 96-hour LC50 for fathead minnows (Pimephales promelas) 
in malathion was 9,000 pg/l, but spinal deformities in adult 
fish occurred during a 10-month exposure to 580 pg/l. 
Eaton (1970)4s2 found that bluegill suffered the same 
crippling effects after chronic exposure to 7.4 pg/l malathion 
and the 96-hour LC50 was 108 pg/l. 

Where chronic toxicity data are available, they may be 
used to develop application factors to estimate safe levels. 
Mount and Stephan (1 967) ""have suggested using an 
application factor consisting of the laboratory-determined 
maximum concentration that has no effect on chronic 
exposure divided by the 96-hour LC50. Using this method, 
Eaton (1970)462 showed that application factors for bluegill 
and fathead minnow exposed to malathion were similar 
despite a greater than 50-fold difference in species sensi- 
tivity. Application factors derived for one compound may 
be appropriate for closely related compounds that have a 
sinilar mode of action, but additional research is necessary 
t ify this concept. In  the absence of chronic toxicity 

an application factor of 0.01. . 
Some organochlorine pesticides (i.e., DDT including 

DDD and DDE, aldrin, dieldrin, endrin, chlordane, hepta- 
chlor, toxaphene, lindane, endosulfan, and benzene hexa- 
chloride) are considered especially hazardous because of 
their persistence and accumulation in aquatic organisms. 
These compounds, including some of their metabolites, are 
directly toxic to various aquatic species at concentrations 
of less than one pg/l. Their accumulation in aquatic systems 
presents a-,hazard, both real and potential, to animals in 
the higher trophic levels, including man (Pimentel 197 1, 
Mrak 1969,4n Kraybill 1 969,410 Gillett 1969) .'j7 Present 
knowledge is not yet sufficient to predict or estimate safe 
concentrations of these compounds in aquaticsystems.' How- 
ever, residue concentrations in aquatic organisms provide a 
measure of environmental contamination. Therefore, spe- . 

cific maximum tissue concentrations have been recom- 
mended as a guidgline for water quality control. 

Recommendations 

Organochlorine Iryecticides- ?he recoxkwnda- 
tions for selected organochlorine insecticides are 
based upon levels in water and residue concentra- 
tions'in whole fish on a wet weight basis. Aquatic 
life should be protected where the'maximum con- 
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centration of the organochlorine pesticide in the TABLE IZI-18-Recommended Maximum Concentrations of 

water does not exceed the values listed in Table Other Pesticides in Whole (Unfiltered) Water, Sampled at 

111-1 7. Any Time and Any Place.' 

For the protection of predators, the following 
values are suggested for residues in whole fish (wet 
weight): DDT (including DDD and DDE)-1.0 
mg/kg; aldrin, dieldrin, endrin, heptachlor (in- 
cluding heptachlor epoxide), chlordane, lindane, 
benzene hexachloride, toxaphene, and endo- 
sulfan-0.1 mg/kg, either singly or in combination. 
For further discussion, see the section on Wildlife 
(P. 197). 

If fish and wildlife are to be protected, and where 
residues exceed the recommended concentrations, 
pesticide use should be restricted until the recom- 
mended concent'iations are reached (except where 
a substitute pesticide will not protect human 
health). 

Other pesticides The recommended maximum 
, concentrations of pesticides in freshwater are listed 

in Table 111-18 except that where pesticides are 
applied to water to kill undesirable aquatic life, 
the values will be higher. In the latter instances, 
care should be taken to avoid indiscriminate use 
and to insure that application of the pesticide 
follows the prescribed methods. 

Ammonia 

Ammonia is discharged from a wide variety of industrial 
processes and cleaning operations that use ammonia or 
ammonia salts. Ammonia also results from the decompo- 
sition of organic matter. 

Ammonia gas is soluble in water in the form of am- 
monium hydroxide to the extent of 100,000 mg/l at 20 C. 
Ammonium hydroxide dissociates readily into ammonium 

TABLE ZII-17-Recommended Masimum concentrations of 
Organochlorine Pesticides in Whole (Unfiltered) Water, 

Sampled a t  Any Time and Any Place.& 

Oranochlorins pesticides Rssommandad maximum concsntration (,,g/l) 

................. ......................... Aldrin.. .:. 
.. .............. ..................... DDT.. , .... 

TDE.. ................................... .. ..... .... 
............................................ Dialdrin.. 

Chiordma. .......................................... 
Endorullan .......................................... 
Endrin .............................................. 
HepIachlar.. ......................................... 
Lindma ............................................. 

........................................ Methoxychior 
Toxaphena.. ,. ....................................... 

Conwnlrrfonrwaradetarminsd by mulllplylng th~rcn ta todd ly  n luar  for tho morarsndtivaqadar(Appandir 
11-0) by an application factor of 0.01 arcapt whsra m axparimantally dar iad appliotion llctor i s  indimtad. 

~lhata.. ............................................. 
Azinphormsthyl.. ................................... 

...................................... .Azinphoslhyl.. 
Carbophanolhion ..................... .. ........ .. .. 
Chiuothion.. ...................... .. ............. 

...................................... ... Ciodrin.. 
Coumaphos.. ........................................ 
Dsmaton ............................................ 
D~adnon ............................................ 
Dichlonor.. ......................................... 
Diorathion.. ....... .. .... .... .................. 
Dlsullonton. ......................................... 
Dursban ............... .. ........................... 
Elhion ................................................ 
EPN ................................................ 
Fanthian.. .................................. .. ..... 
Malathion. ................................... .. .... 

..................................... Mathyl Parathion 
Msvinphos.. ......................................... 

............................................. Nalad.. 
................................ Dxydsmston mnthyl.. 

Panlhion. ......................................... 
Phorats.. ........................................... 

..................................... Phorphamldon.. 
Ronnal.. ............................................ 
TEPP.. ........................... .. .............. 

...................................... Trichlomphon.. 

Hsrblddsr, lunfiddar and dsloiianlt 

Acroialn.. ........................................... 
........................................ Aminotriazots 

Balan. ............... ... ......... .. ............:.. 
Banruilds.. .......................................... 
Choroxumn.. ........................................ 
CIPC ................................................ 
Dicthal.. ............................. .: ............. 
Dalapon.. ....................... .. ..... .... ..... 
DEF.. .............. .. ....... ... ................ 
Deron.. .................. .: ......................... 
Dicamba.. ........................................... . Dichlabsnil .......................................... 
Dlchions.. ................................. ... .... 
Diquat .............................................. 
Diuron.. ............................................ 

........................................... DlfoUlan.. 
................................. Dinilrobutyl phanoi.. 

. Olphanamid.. ....................................... 
2.4.0 (PGBD. ...................................... 
2.4.0 (BEE) ......................................... 
2 .44  (lo€).. ....................................... 

........................... 2.4.0 (Disthylrminn salts). 
............................ Endothal (Dirodium salt).. 
.......................... Endothal (Dipotanium si t ) .  

Epbm ............................................... 
................................. Fanac (Sodium all). 

..................................... Hpmlns.1622.. 
...................................... Hyamine-2389. 

...... ................................ Hydrolhal-47 .', 
..... ................... ......... Hydrolhal-191 ... .. 

...................................... . Hydrothll phu 
IPC.. ................................................ 

...... .................................... MCPA. .:. 
................. ........................ Motinata .. 

.. Monuron.' ......................................... 
Paraqul. ........................................... 

Rmmmandsd maximum concsntntionr (&/I) 

Rmmmendsd maximum concsntntionr (,,l/l) 
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'~arhiddar, lunliclda and daloilmlr R8eommandad nndmum concantntion UI) 

obubls. ........................................... 
'idonm ............................................. 
'tooinii.. ......... ... ......;. .: ................. 
:llvax (RED ......................................... 

... ;ilwx (PGB E)... ............................... :. 
;ilwx ( IOD..  ....................................... 
;ilvar ~Potasuum mlt) ................................ 
; imzinr.  ........................................... 
'Ff!uaralin. ......................................... 
arnolrle.. .......................................... 

Camnt ra lms wars dalarminsd b mulllplyim the aePts toxidly nluas lor the morn sandlira rpccias (Ap. 
landix 11-0) by Inappliation lactor01 0.01 Except whara an arparimantally darirad applialionlaetor Is indlcllsd. 
b lnwfflcient d a b  lo  detsrmina sale concantrations 

and hydroxyI ions as follows : 

NH3+H?O*HN4++ OH- 

The equilibrium of the reaction is dependent upon pH, 
and within the pH range of most natural waters ammonium 
ions predominate (Figure 111-10). Since the toxic =om- 
ponent of ammonia solutions is the un-ionized ammonia, 
tov' ' t y  of ammonia solutions increases with increased pH 
(1 1937,'07 Wuhrrnann et al. 1947,808 Wuhrmann and 
VC olter 1 948, Downing and Merkens 1 955'06). 

Wuhrmann (1 952),507 Downing and Merkens (1 955),'06 
and Merkens and Downing (1957)506 found that a decrease 
in dissolved oxygen concentration increased the toxicity of 
un-ionized ammonia to several species of freshwater fishes. 
Lloyd (1961)50~howed that the increase in toxicity of 
un-ionized ammonia to rainbow trout (Saimu gairdneri) with 
decreased oxygen was considerably more severe than for 
zinc, copper, lead, or phenol. 

Much of the data on ammania toxicity is not useable, 
because reporting of chemical conditions or experimental 
control was unsatisfactory. Ellis (1 937) reported that 
total ammonia nitrogen concentrations of 2.5 mg/1 in the 
pH range of 7.4 to 8.5 were harmful to several fish species, 
but concentrations of 1.5 mg/l were not. Most streams 
without a source of pollution contained considerably less 
than 1 mg/l total ammonia. The sublethal and acutely 
toxic concentrations of un-ionized ammonia for various fish 
species are given in Table 111-1 9. 

Brockway (1950)494 found impairment of oxygen-carrying 
capacity of the blood of trout at a total ammonia nitrogen 
concentration of 0.3 mg/l. Fromm (1970)4g9 found that at 
total ammonia nitrogen concentrations of 5 mg/l, ammonia 
exryetion by rainbow trout (Salmo gairdneri) was inhibited; 
i ig/l the trout became hyperexcitable; and at 8 mg/l 
(approximately 1 mg/I un-ionized ammonia) 50 per cent 

TABLE III-19-Sublethal and Acutely Toxic Concentrations 
of Un-Ionized Ammonia for Various Fish Speciesa 

- - 

Aculs No sublnlhal 
Spadar mortrlily 0H~ct (ml/l) Author 

LCSO (ml/l) 

Sticklahack.. ................... 1.8-2.1 ........... Hazel e l  81. ( l9 l l ) loQ 
Stdpad bars (Manna an ta l i r ) .  . . . . . .  1.9-2.8 .............. ." ............................... 
Rainbow trout . . ................... 0.39 0.046 Lloyd and Orr (1969)s" 
Psch (Parra) . ..................... 0.29 ........... Ball (1967Yn 

.............. ............. ................ ............ Roach (Hsrparoisucus). .. 0.15 ." .. 
Rudd fSurdlnius). ................... 0.36 .............. ." ................................. 
Braam (lapomlr). ..................... 0 . 1  .............. ." ................................ 
Ralnhw trout. ....... .. .......... .... . 0.41 .............. ." .......................... .. ... 

. ........ ....... ... ... flainhow trout:. ... .. 0.42-0.19 .; Lloyd i n d  Harbsrt (1960)BM 
AtLthnUc salmon (Salmo ular). .......... O.3B ............ Herbert and Shurban (1965)r01 

.............. ............................... .......... .............. I(rlnbow bout : 0.8B ." 
.......................................... Trout. ~ 0 . 2 7  Reichanbach.Klinke (1fi61)~0B 

........... Chinook salmon (~ncorhynchus <0.006 Burrows (1964)4*s 
tshavytaha) 

.' 0 To inrura a hl fh lava1 oI protictiorl, the i s a n  ol the 96.hour LCSO'r was urad as a bm, and an application lac 
tor 010.05 appllad to arrive at an atcaptabla lava1 lor most rpadsr i n  trash water. Two appranlly radrbnt rpadsr 
wars omillad haslurs they wure lar oul of line with tha olhsrr. Altar apel~cation of the lador, the rarultanl leva1 Is 
ipproxirmtaly hall that p ro lded  lrom U s  data of U w d  and O n  (1969).10a 

I 

were dead in 24 hours (Fromm 1970).499 Goldfish (Carassirrs 
auratus) were more tolerant; at 40 mg/l of total ammonia 
nitrogen, 10 per cent were dead in 24 hours. 

Burrows (1 964) 49Vound progressive gill hyperplasia in 
fingerling chinook salmon (Oncorhynchrts Ishawytscha) during 
a six-week exposure to the lowest concentration applied, 
0.006 mg/l un-ionized ammonia. Reichenbach-Klinke 
(1967)60R also noted gill hyperplasia, as well as pathology of 
the liver and blood, of various species at un-ionized am- 
monia concentrations of 0.27 mg/l. Exposure of carp 
(Cyprinus carpio) to sublethal un-ionized ammonia concen- 
trations in the range of 0.1 1 to 0.34 mg/l resulted in ex- 
tensive necrotic changes and tissue disintegration in various 
organs (Flis 1968) .08 

Lloyd and Orr (1969)503 found that volume of urine pro- 
duction increased with exposure to increasiny ammonia 
concentrations, but that an ammonia concentration of 12 
per cent of the lethal threshold concentration resulted in 
no increased production of urine. This concentration of 
un-ionized ammonia was 0.046 mg/l for the rainbow trout 
used in the experiments. 

Recommendation- 

Once a 96-hour LC50 has been determined using 
the receiving water in question and the most sensi- 
tive important species in the locality as the test 
organism, a concentration of un-ionized ammonia 
(NH,) safe to aquatic life in that water can be esti- 
mated by multiplying the 96-hr LC50 by an appli- 
cation factor of 0.05; but no concentration greater 
than 0.02 mg/l is recommended at any time or 
place. 
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FIGURE III-10-Percentage of Un-ionized Ammonia in  Ammonium Hydroxide Solutions at 20 C and .Various Levels o j  pd  
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'Ch?otine was reduced at 0.04 mg/l, and reproduction was reduced at 
0.0034 mg/l. Growth and survival of fathead minnows after 

nine and chloramines are widely used in treatment of 21 weeks was not affected by continuous exposure to 0.043 
EL. .e water sup$lies and sewage-treatment'-plant effluents, mg/l total chloramines, but fecundity of femalei was re- 
. i r k  in power plants, textile and paper mills, and certain duced. The highest level'showing no significant effect was 
?t h a  industries. Field tests conducted on caged fish i n  0.0 16 mg/l. Mcrkens (1 958jSl6 postulated by extrapolation 
btr-ams below a sewage outfall where chlorinated and non- that a concentrarion.of 0.004 mg/l residual chlorine would 
ciilorinac'ed effluents were discharged showed that toxic permit one haif chc test fish, to survive one year. Sprague 
condiriuns occurred for rainbow trout (Salmo gairdneri) 0.8 and Drury 1:1969)"'" nave shown an avoidance response of 
nliles bclpw the plant discharge point when chlorinated rainbow trout to frev chlorine at 0.001 mgjl. 
eflluents were discharged (Basch et al. 197.1).5u I t  has also Aquatic organisms will tolerate longer short-term ex- 
been shown that total numbers of fish and numbers of posures to much higher levels ,of chlorine than the concen- 
sp-acies were drastically reduced below industrial Ijlants trations which have adverse ch+onic effects. Brungs (1972)m2 
discharging chlorinated sewage effluents ( T s a i  '.1968,6L7- in a.review has noted that I-hour LC50's of fish vary from 
!L.I;O).JLS 0.74 to 0.88 mg/l, and that longer short-term exposures 

The toxicity to aquatic life-of chlorine in-:water will have LC501s lower but still' substantially higher than ac- 
ci!:pttnd upbn the concentration bf resihual .chlorine re- ceptable' for long-term exposure. Available information, 
lnaining and the relative amounts of free chlorine arid chlor- however, does not show what, effect' repeated exposure to 
srnines. Since addition of chlorine or hypochlorites to water these, or lower levels, will have on aquatic life. 
containing nitrogenous materialsrapidly forms chloramines, i Because Gammarus, an essential food for fish, is affected 
prol,)lems of toxicity in most receiving waters are related to at 0.0034 mg/l, 'and a safe level is judged to .be one that 
chloramine concentrations. Merkens (1958)6L6 stated that will not 'permit adverse effect on any element of the biota, 
tosicities of free chlorine and chloramines were best esti- the following recommendation has been made. 
mated from total chlorine residuals. In monitoring pro- 
grams, evaluation of chlorine content of water is usually 
stated in terms d total chlorine residuals. Because the 
chlorine concentrations of concern are below the level of 
l r '  ion by the orthotolidine method, a more sensitive 
a] .cal technique is recommended. 

The literature summarized by McKee and Wolf (1963)&14 
showed a wide range of acute chlorine toxicity to various 
aquatic organisms, but the conditions of the tests varied so 
widely that estimation of generally applicable acute or 
;afe levels cannot be derived from the combined data. I t  
has also been demonstrated that small amounts of chlorine 
can greatly increase the toxicity of various industrial 
effluents. 

Merkens (1958)515 found that at  pH 7.0, 0.008 mg/l 
residual chlorine killed half the test fish in seven days. The 
:est results were obtained using the arnperometric titration 
and the diethyl-p-phenylene diamine methods of chlorine 
analysis. Zillich (1972),518 working with chlorinated sewage 
effluent, determined that threshold toxicity for fathead 
minnows (Pzmcphales promelas) was 0.04-0.05 mg/l residual 
chlorine. In two series of 96-hour LC50 tests 'an average of 
3.05-0.19 mg/l residual chlorine was noted. Basch et al. 
(1971)511 found 96-hour LC50 for rainbow trout (Salmo 
galrdneri) to be 0.23 mg/l.  Arthur and Eaton (1371),5L0 
working with fathead minnows and Gammarusp~eudolimnaeus, 
found that the 96-hour LC50 total residual chlorine 
(as chloramine) for Gammarus was 0.22 mg/l, and that 
all minnows were dead after 72 hours at  0.15 mg/l. 
Aft- seven days exposure to 0.09 mg/l, the first fish died. 
T 250 for minnows was therefore between these levels. 
In  ~rlronic tests extending for 15 weeks, survival of Gammarus 

Recommendation 

Aquatic life should be protected where the con- 
centration of residual chlorine in the receiving 
system does not exceed 0.003 mg/l at any time or 
place. Aquatic organisms will tolerate short-term 
exposure to high levels of chlorine. Until more is 
known about the short-term effects, it is recom- 
mended that total residual chlorine should not 
exceed 0.05 mg/l for a period up to 30-minutes in 
any 24-hour period. 

Cyanides 

The cyanide radical is a constituent of many compounds 
or complex ions that may be present in industrial wastes. 
Cyanide-bearing wastes may derive from gas works, coke 
ovens, scrubbing of gases in steel plants, metal plating 
operations, and chemical industries. The toxicity of cyanides 
varies widely with pH, temperature, and dissolved oxygen 
concentration. The p H  is especially important, since the 
toxicity of some cyanide complexes changes manyfold over 
the range commonly found in receiving waters. 

"Free cyanide" (CN- ion and HCN) occurs mostly as 
molecular hydrogen cyanide, the more toxic form, at pHlev- 
els of natural'waters as well as in unusually acid waters. Fifty 
per cent ionization of the acid occurs at pH near 9.3. Free 
cyanide concentrations from 0.05 to 0.01 mg/l as CN have 
proved fatal to many sensitive fishes (Jones 1964),527 and 
levels much above 0.2 mg/l are rapidly fatal for most 
species of fish. A level as low as 0.01 mg/l is known to have 
a pronounced, rapid, and lasting effect on the swimming 
ability of salmonid fishes. 
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The work of Doudoroff et al. (1966)624 has demonstrated cyanide bearing wastes. Such tests may reveal the occur- 
that the effective toxicant to fish in nearly all soiutions of rence of harmful concentrations of HCN not predictable 
complex metallocyanides tested was molecular HCN, the through bioassay of the wastes. Because an acceptahl- 
complex ions being relatively harmless. The total cyanide concentration of HCN or fraction of a LC50 of cyanic 
content of such so1u;tions is not a reliable index of rheir and cyanide-bearing effluents has not yet been positively 
toxicity. The HCN derives from dissociation of the complex determined, a conservative estimate must be made; and 
ions, which can be greatly influenced by pH changes. because levels as low as 0.01 mg/l have proved harmful 
Doudoroff (1956)6'3 demonstrated a more than thnusznd- under some conditions, a factor of 0.05 should be applied 
fold increase of the toxicity of the nickelocyanidt: complex to LC50 levels. 
associated with a decrease of pH  from 8.0 to 6.5. X change 
in pH from 7.8 to 7.5 increased the tosicity more than Recommendation 

tenfold. 
\ Once a 96-hour LC50 has been determined using 

Burdick and Lipschuetz (1948)521 have shown that so- the receiving water in question and the most sensi- 
lutions containing the ferro and ferricyanide complexes tive important species in the locality as the test 
become highly toxic to fish through photodecomposition organism, a concentration of free cyanide (CN-) 
upon exposure to sunlight. Numerous investigations have safe to aquatic life in that water can be estimated 
shown that toxicity of free cyanide increased at reduced by multiplying the 96-hour LC50 by an application 
oxygen concentrations (Downing 1954,Ja6 Wuhrmann and factor of 0.05; but no concentration greater than 
Woker 1955,6a8 Burdick et al. 1958,520 Cairns and Scheier 0.005 mg/l is recommended at any time or place. 
1963).622 The toxic action is known to be accelerated 
markedly by increased temperature (Wuhrmann and Woker Detergents I 

1955,52S Cairns and Scheier 1963),5E hut the influence of Detergents are a common component of sewage and in- 
temperature during long exposure has not .been demon- dustrial effluents derived in largest amounts from household 
strated. The  toxicity of the nitriles (organic cyanides) to fish cleaning agents. In 1965 a shift from tetrapropylene-derived 
varied greatly. Henderson et al. (1960)528 found marked alkylbenzene sulfonates (ABS) to the more biodegradable 
cumulative toxicity of acrylonitrile. Lactonitrile decom- . linear alkylate sulfonates (LAS) was made by the detergent 
posed rapidly in water yielding free cyanide, and its high industry. In  current detergent formulas, L.4S is the primary 
toxicity evidently was due to the HCN formed. toxic active compound, two to four times more tosic than 

The toxicity of cyanide to diatoms varied little with ABS (Pickering 1966).584 However, tosicity of LAS , 

change of temperature and was a little greater in soft water appears along with the methylene blue active substan. 
than in' hard water (Patrick unpublished data 197 1) For (MBAS) response upon biodegradation (Swisher 1967). 5.3' 
Nitrchia Itnearis, concentrations found to cause a 50 per cent Retrieval of MBAS data from the National Surveillance 
reduction in growth of the population in soft water (44 Stations throughout the U.S. from 1966' to the present 
mg/l Ca-Mg as CaC03) were 0.92 mg/l (CN) at 72 F, 0.30 showed that the mean of 3,608 samples was less than 0.1 
mg/l a t  82 F, and 0.28 mg/l at 86 F. For ~~ovltula  serninul~un mg/l. There has been a downward trend in MBAS concen- 
var. Hzistedtil, the concentrations reducing growth of the trations. Only four stations reported mean concentrations 
population by 50 per cent in hard water (170 mg/l Ca-Mg greater than 0.2 mg/l. 
as CaC03) were found to be 0.36 mg/l at 72 F, 0.49 mg/l The MBAS determination has been the routine analytical 
at  82 F, and 0.42 mg/l at 86 F. Cyanide appeared to be method for-measurement of surfactant concentrations. Posi- 
more toxic to animals than to algae. 

Recommended maximum concentrations of cyanide-bear- 
ing wastes of unknown composition and properties should 
be determined by static and flow-through bioassay$. The  
bioassavs should be performed with dissolved oxygen, tem- 
perature, and pH held at the local water quality conditions 
under which cyanides are most toxic. Because the partial 
dissociation of some complex metallocyanide ions may be 
slow, static bioassays may reveal much greater tosicity 
than that demonstrable by the flow-through methods. On  
the other hand, standing test solutions of simple and some 
comples cyanides exposed to the atmosphere gradually lose 
their toxicity, because the volatile HCN escapes. 

Chemical determination of the concentration of undis- 
sociated, molecular HCN alone may be the best way to 
evaluate the danger offree cyanide to fish in waters receiving 

tive. errors are more common than negative ones in the 
determination of anionic surfactants in water (Standard 
Methods 197 1) .5a6  An infrared determination or a carbon 
absorption cleanup procedure is recommended when high 
MBAS concentrations are found. 

Marchetti (1965)53a critically reviewed the effects of de- 
tergents on aquatic life. Most available information on 
LAS tosicity relates to fish. Short term studies by a number 
of investigators have shown that lethal concentrations to 
selected fish species vary from 0.2 to 10.0 mg/l (Hokanson 
and Smith 1971).532 Bardach et al. (1965)s31 reported that 
10 mg/l is lethal to bullheads (~ctaluius sp.), and that 0.5 
mg/l eroded 50 per cent of their taste buds within 4 days. 
Thatcher and Santner (1966)538 found 96-hour LC50 values 
from 3.3 to 6.4 mg/l for five species of fish. 

Pickering .and Thatcher ( 1  970)535 found in their s t u ~  
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2hronic toxicity that a concentration of 0.63 mg/l had no 
measurable effect, on the life cycle of the fathead minnow 
( F  'ralespromclas), while a concentration of 1.2 mg/l was 
e to the newly hatched fry. A safe level should be 
Jetween 14 and 28 per cent of the 96-hour LC50. Hokanson 
and Smith (1971)632 reported that a concentration of 1 mg,/l 
was an approximate safe concentration for bluegills in 
Mississippi River water of good qualirv. -4rthur (1970)53" 
bund that the no-effect level of LAS on Gommarus psrudo- 
'~mnaeus was 0.2 to 0.4 mg/l. This investigator also subjected 
3pculate and pulmonate snails to 60-week exposures of 
LAS and showed the toxicity levels to be 0.4 to 1.0 mg/l 
md greater than 4.4 mg/l, respectively. 

Detergent Builders : 

Phosphates have .been included in household detergents 
:o increase their effectiveness, although this use has been 
ieriously questioned recently. Nitrilotriacetate (NTA) and 
xher builders have been tried, but most are either less 
tffective or have been barred for reasons of potential health 
lazard. Available builders do not have serious direct effects 
In fish or aquatic organisms a t  concentratiqns likely to be 
tncountered in receiving waters. In view of the uncertain 
egal status of present commercial detergents and the 
zstensive search for adequate substitutes now in progress, 
-ecommendations for builders are not practical at this time. 
However, it can be stated that a satisfactory builder should 
IF dogically degradable and nontoxic to aquatic 
sr, .sms and humans, and that it should not cause aes- 
thetic problems in the receiving water. 

Recommendation 

Once a 96-hour LC50 has been determined using 
the receiving water in question and the most sensi- 
tive important species in the locality as the test 
organism, a concentration of LAS safe to aquatic 
life in that water can be estimated by multiplying 
the 96-hour LC50 by an application factor of 0.05; 
but. no concentration greater than 0.2 mg/l is 
recommended at  any time or place. 

, . 
Phenolics 

Phenols and phenolic wastes are derived from petroleum, 
:oke, and chemical industries; wood distillation; and do- 
mestic and animal wastes. Many phenolic compounds are 
more toxic than pure phenol: their toxicity varies with the 
combinations and general nature of total wastes. Acute 
toxicity of pure phenol varies between 0.079 mg/l in 30 
minutes to minnows, and 56.0 mg/l in 96 hours to mosquitd 
fish (Gambusza afinzs). Mitrovic et al. (1968)541 found a 
+8-hour LC50 of 7.5 mg/l to trout; they noted that exposure 
to 6 5 mg/l caused damage to epithelial cells in 2 hours, 
a :tensive damage to reproductive systems in 7 days. 
Ellla (1937)589 reported 1.0 mg/l safe to trout; and 0.10 

mg/l was found nonlethal to bluegill (Lep0mt.r s~acrochrrus) 
in 48 hours (Turnbull et al. 1954).642 These studies illustrated 
the wide range of phenol toxicity. There is nor yet adequate 
documentation about chronic effects and toxicity of mixed 
wastes on which to base recommendations of safe levels for 
fish. 

Phenolics affect the taste of fish at levels that do not 
appear to affect fish physiology adversely hiised wastes 
often have more objectionable effects than purr mzteri.11~ 
For example, 2,4-dicholorphenol affects taste a t  0.001 to 
0.005 mg/l; &-chlorophenol a t  0.01 tc 0.06 ag /1 ;  and 
2-methyl, 6-chlorophenol at 0.003 mg/l. (See the discussion 
of Tainting Substances, p. 147.) Pure phenol did not affect 
taste until levels of 1 to 10 mg/l were reached (Fetterolf 
1964).640 The taste of fish in most polluted situations is 
adversely affected by phenolics before acute toxic effects 
are observed. 

Recommendations 

In view of the wide range of concentrations of 
phenolics which produce toxic effects in fish and 

I 

the generally lower levels which taint fish flesh, it 
is recommended that taste and odor criteria be 
used to determine suitability of waste receiving 
waters to support usable fish populations. Where 
problems of fish kills occur or fish are subjected to 
occasional short-term exposure to phenolic com- 
pounds, a 96-hour LC50' should be determined 
using the receiving water in question and the most 
sensitive important fish in the locality as the test 
animal. Concentrations of phenolic compounds 
safe to fish in that water can then be estimated by 
multiplying the 96-hour LC50 by an application 
factor of 0.05; but no concentration greater than 
0.1 mg/l is recommended at any time or place. 
Tests of other species will be'necessary to protect 
other trophic levels. 

Sulfides 

Sulfides are constituents of many industrial wastes, such 
as those from tanneries, paper mills, chemical plants, and 
gas w o r k  Hydrogen sulfide may he generated by the 
anaerobic decomposition of sewage and other organic 
matter in the water, and in sludge beds. Natural production 
of HzS may also result from ddposits of organic material. 

When soluble sulfides are added to water, they react 
with hydrogen ions to form HS- or HZS, the proportion of 
each depending on the p H  values. The toxicity of sulfides 
derives primarily from H2S rather than the sulfide ion. The 
rapid combination of H2S with other materials, including 
oxygen, has frequently caused investigators to overlook the 
importance of H2S as it affects aquatic life, especially when 
it originates from sludge beds. Because water samples 
usually are not taken at the mud/water interface, the im- 
portance of H2S in this habitat-for fish eggs, fish fry, and 
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FIGURE III-ll-Percentage of Hydrogen Sulfide in the Form of Undissociated HtS at Various pH Levels (Tmperatu 
20 C;  ionic strength p = 0.01) 
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lsh food organisms is often overlooked (Colby and Smith 
967).645 

T '  .ogen sulfide is a poisonous gas, soluble in watei- to 
hc ,nt of about 4,000 mg/l at 20 C and one atmosphere 
4 pressure (Figure 111-11). Upon solution, it dissociates 
ctording to the reaction H?S+HS-+ H+ and HS--+ 
--+H+. At pH 9, about 99 per cent of the sulfide is in 
~r form of HS-; at pH 7 it is about equally divided between 
IS- and HIS; and at pH 5 about 99 per cent is present 
s H2S. 
Consequently, the tosicity of sulfides increases at lower 

H because a greater proportion is in the form of undissoci- 
ted H?S. Only at pH 10 and above is the sulfide ion 
resent in appreciable amounts. In polluted situations, 
there the pH may be neutral or below 7.0, or where oxygen 
lvels are Inw but not lethal, problems arising from sulfides 
r from hydrugen sulfide generated in sludge deposits will 
c increased. 
Much available data on the toxicity of hydrogen sulfide 

I fish and aquatic life have been based on extremely short 
vposure periods and have failed to give adequate infor- 
lation on water quality, oxygen, and pH. Consequently, 
arly data have suggested that concentrations between 0.3 
nd 4.0 mg/l permit fish to survive (Schaut 1939,64" 
'anHorn 1958,560 Bonn and Follis 1967,544 Theede et al. 
969).lL4D Recent data both in field situations and under 
mtrolled laboratory conditions demonstrated hydrogen 
1lfi2- toxicity a t  lower concentrations. Colby and Smith 
IC found that concentrations as high as 0.7 mg/l 
ere round within 20 mm of the bottom on sludge beds, 
11d that levels of 0.1 to 0.02 mg/l were common within the 
rst 20 mm of water above this layer. Walleye (Stizostedion 
,treum v.) eggs held in trays in this zone did not hatch. 
delman and Smith (1970)84s reported that hatching of 
orthern pike (Esox lGius) eggs was substantially ;educed 
t 0.025 mg/l of HZS, and at 0.047 mg/l mortality was 
lmost complete. Northern pike fry had 96-hour LC50 
alues that varied from 0.017 to 0.032 mg/l at normal 
sygen levels (6.0 mg/l). The highest concentration of 
vdrogen sulfide at which no short-term effects on eggs or 
.y were observed was 0.814 mg/l. Smith and Oseid (tn 
ress 197 1 working on eggs, fry, and juveniles of walleyes 
nd white suckers (Catostomus commersonnt), and Smith 
1 971),647 working on walleyes and fathead minnows 
Pimephales promelas), found that safe levels varied from 
0029 to 0.01 2 mg/l with eggs being the least sensitive and 

TilBLE III-2U-96-Hour LCSO and Saje Levels Based on N o  
Adverse Effect on Critical Life History Stages. . 
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juveniles being the most sensitive in short-term tests (Table 
111-20). In 96-hour bioassays fathead minnows and goldfish 
(Csrassaus aurattcs) varied greatly in tolerance to hydrogen 
sulfide with changes in temperature. They were more 
tolerant at low temperatures (6 to 10 C). 

On the basis of chronic tests evaluating growth and 
survival, the safe level for bluegill (Lepomis manochirus) 
juveniles and adults was 0.002 .rng/l. White sucker eggs all 
hatched at  0.015 mg/l, but juveniles showed a negligible 
growth reduction at 0.002 mg,/l. Safe levels for fathead 
minnows were between 0.002 and 0.003 mg/l. Studies on 
various arthropods (Garnrnarus pseudolimnaeus and Hexagenia 
limbata), useful as fish food, indicated that safe levels were 
between 0.002 and 0.003 mg/l (Smith 1971).54T Some species 
typical of normally stressed habitats were much more re- 
sistant (Aselius sp,). 

Recommendation 

On the basis of available data, a lev& of undis- 
sociated hydrogen sulfide assumed to be safe for 
all aquatic organisms including fish is 0.002 mg/l. 
At a pH of 6.0 and a temperature.of 13.0 C, approxi- 
mately 99 per cent of the total sulfide is present as 
undissociated hydrogen sulfide. Therefore, to pro- 
tect aquatic organisms within the acceptable limits 
of pH and temperature, it is recommended that 
the concentration of total sulfides not exceed 0.002 
mg/l at any time or plaae. 



WILDLIFE 

- In this report, wildlife is defined as all species of verte- PROTECTION OF FOOD AND SHELTER FOR WILDLIFE . - 

brates other than fish and man. To assure the short-term 
qnd long-term survival of wildlife, the water of the aquatic 
ecosystem must be of the quality and quantity to furnish 
the necessary life support throughout the life-cycle of the 
species involved. In addition to the guantity, the quality of 
food substances produced by the aquatic environment must 
be adequate to support the long-tenn survival of the wild- 
life species. 

Many species of wildlife require the existence of specific, 
complex, and relatively undisturbed ecosystems for their 
continued existence. Aquatic ecosystems, such as bogs, 
muskegs, seepages, swamps, and marshes, can exhibit 
marked fragility under the influence of changing water 
levels, various pollutants, fire, or human activity. Changes 
in the abundance of animal populations living in such 
aquatic communities can result in reactions and altered 
abundance of plant life, which in turn will have repercus- 
sions of other species of animal life. In  general, these tfansi- 
tional ecosystems between land and water are characterized 
by very high productivity and importance for wildlife, and 
they should thus be maintained in that state to the greatest 
possible extent. 

In many instances, criteria to protect fish and inverte- 
brates or  to provide water suitable for consumption by man 
or domestic animals will also provide the minimal requisites 
for some species of wildlife. This would be true for species 
that use water only for direct consumption or that feed on 
aquatic organisms to only a minor extent. For many species 
of wildlife, however, the setting of water quality criteria is 
complicated by their ecological position at the apex of com- 
plex food webs, and also by the estreme mobility of some 
wildlife, especially birds. 

Those substances which are concentrated via food chains, 
such as many chlorinated hydrocarbons, present special 
problems for those species that occupy the apex of long food 
chains. In those instances, environmental levels which are 
safe for fish, do not necessarily convey safety to predators or 
even to scavengers that consume fish. 

, A number of factors can be identified that can affect 
specific components of the ecosystem and cause reduced 
food and shelter for wildlife. These factors also affect f i s f i  

and other squatic life and therefore are discussed in greater 
detail in appropriate related subtopics. 

In bioassays with aquatic. plants, Sincock (1 968)b83 found 
that when the pH of the water in test vessels dropped to 4.5, 
reedhead-grass (Potamopeton perfoliatus), a valuable water- 
fowl food plant, died within a few days. similarly, in 
Bay, Virginia,' between August and November, 1963, , ., 
aquatic plant production declined from 164 to 13 pounds 
per acre. This atypical decline was immediately preceded 
by a decline in pH to 6.5 compared to previous midsummer 
readings of 7.7  to 9.2. (U.S. Bureau'of Sport Fisheries and 
Wildlife). 

Recommendation 

Aquatic plants of greatest value as food for water- 
fowl thrive best in waters with a summer pH range 
of 7.0 to 9.2. 

ALKALINITY 

Generally, waters with reasonably high bicarbonate alka- 
linity are more productive of valuable waterfowl food plants 
than are waters with low bicarbonate alkalinity. Few waters 
with less than 25 mg f l  bicarbonate alkalinity can be cla3sed 
among the better waterfowl habitats. Many waterfowl habi- 
tats productive of valuable foods, such as sago pondweed 
(Potamageton pctinatus), widgeongrass (Rappia maritzma and 
R. occidcnlalis), banana waterlily (Castalia Java), wild celery, 
(Vallisneria arnericana), and others have a bicarbonate alka- 
linity range of 35 to 200 mg/ 1. 

Definitive submerged aquatic plant communities de1 1 

in waters, with different concentrations of bicarbc . 



iiklinity. It is logical to assume that excessive and pro- 
onged fluctuation in alkalinity would not be conducive to 
t i  ation of any one plant community type. Sufficient 
.xp-,.'nental evidence is not available to define the effects 
)f various degrees and rates of change in alkalinity on 
quatic plant communities. Fluctuations of 50 mg/ 1 prob- 
ibly 'would contribute to unstable plant communities. 
Tluctuations of :his magnitude may be due to canals con- 
iecting watersheds, diversion of irrigation water, or flood 
Iiversion canals (Federal Water Pollution Control Adminis- 
ration i 968, hereafter referred to as FWPCA 1968) .682 

as examples of the destructive nature of silt deposition. 
Approximately 40 square milessof bottom are covered with 
soft, semi-liquid silts up to 5 inches deep; these areas, con- 
stituting.one-fifth of the total area, produce only 1 per cent 
of the total aquatic plant productiot (FWPCA 1968).382 

Recommendation 

Setteable substances can destroy the usefulness 
of aquatic bottoms to waterfowl, and for that 
reason, settleable substances should be minimized 
in areas .expected to support waterfowl. 

tecommendation PRODUCTION OF WILDLIFE FOODS OTHER THAN 
Waterfowl habitats should have a bicarbonate PLANTS 

llkalinity between 30 and 130 mg/l to be pro- 
'uctive. Fluctuations should be less than 50 mg/l 
'rom natural conditions. 

Salinity can also affect plant communities. All saline 
vater communities, from slightly brackish to marine, pro- 
luce valuable waterfowl foods, and the most important 
tonsideration is the degree of fluctuation of salinity. The 
rermination of seeds and the growth of seedlings are critical 
tages in the plant-salinity relationship ; plants become more 
olerant to salinity with age. 

Sq'inities from 0.35 to 0.9 per cent NaCl in drinking 
vi lave been shown to be toxic to many members of the 
;rder Galliformes (chickens, pheasant, quail) (Krista et al. 
961 Scrivner 1 946,682 Field and Evans 1 946881). 
Young ducklings were killed or retarded in growth as a 

.esult of salt poisoning by solutions equal to those found on 
he Suisun Marsh, California, during the summer months. 
ialinity maxima varied from 0.55 to 1.74 per cent, and the 

The production of protozoans, crustaceans, aquatic in- 
sects, other invertebrates, and fish is dependent on water 
quality. The water quality requirements for the production 
of fish are dealt with elsewhere in this Section, and a normal 
level of productivity of invertebrates is also required for the 
normal production of fish that feed upon them. 

I 

While it is well known that many species of invertebrates 
are easily affected by low concentrations of pollutants, such 
as insecticides, in water (Gaufin et al. 1965,363 Burdick et al. 
1968,56"ennedy et al. 1 97OhS4), most of the field studies do 
not supply reliable exposure data, and most laboratory 
studies are of too short a duration or are performed under 
static conditions, allowing no reliable extrapolations to 
natural conditions. The general impression to be gained 
from these studies is that insects and crustaceans tend to be 
as sensitive as or more sensitive than fish to various insecti- 
cides, and that many molluscs and oligochetes tend to be 
less sensitive. 

TEMPERATURE 
neans varied per cent during July ~h~ increasing discharge of warmed industrial and do- 
936 to 1960 (Griffith 1962-63).665 

mestic effluents into northern streams and lakes has changed 
tecommendation 

Salinity should be kept as close to natural con- 
iitions ,as possible. Rapid fluctuations should be 
ninimized. 

.IGHT 'PENETRATION 

Criteria for light perietration established in the discus- 
.ions of Color (p: 130) and Settleable Solids (p. 129) should 
llso be adequate to provide for the production of aquatic 
.)lane, for freshwater wildlife: 

iElTLEABLE SUBSTANCES 

the duration and.extent of normal- ice cover in these north- 
ern regions. This has prompted changes in the normal 
overwintering pattern of some species of waterfowl. Thus, 
Hunt (1 957) 678 details the increasing use since 1930 of the 
Detroit River as a wintering area for black duck (Anas 
rubripes), canvasback (Aythya valisneria), lesser scaup (Aylhya 
afines), and redhead (Alhya americana). In this process,' 
waterfowl may become crowded into areas near industrial 
complexes with a shrinking supply of winter food. The 
proximity of'sources of pollutants,.food shortages, and low 
air temperatures often interact to produce unusually high 
waterfowl mortalities. 

Recommendation 
I 

Accumulation of silt deposits are destructive to aquatic Changes in natural freezing patterns and dates 
31s. due especially to the creation of a soft, semi-liquid should be avoided as far as possible in order to 
;u ,urn inadequate for the anchoring of roots. Back minimize abnormal concentrations of wintering 
Bay,-Virginia, and Currituck Sound,' North Carolina, serve waterfowl. 
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SPECIFIC POTENTIALLY HARMFUL SUBSTANCES 

Direct Acting Substances 

Oils Waterbirds and aquatic mammals, such as musk- 
rat and otter, require water that is free from surface oil. 
Catastrophic losses of waterbirds have resulted from the 
contamination of plumages by oils..Diving birds appear to 
be more susceptibie to oiling than,bther species (Hawkes 
1961).671 Heavy contamination of-the plumage results in 
loss of buoyancy and drowning. Lower levels of contamina- 
tion cause excessive heat loss resulting in an energy deficit 
which expresses itself in an accelerated starvation (Hartung 
1 967a).S6' Less than 5 mg of oil per bird can produce sig- 
nificant increases in heat loss. The ingestion of oils may 
contribute to mortalities, and this is especially true for some 
manufactured oils (Hartung and Hunt 1966).56b When 
small quantities of oil are coated onto eggs by incubating 
mallards (Anas platyrhynchos), the likelihood of those eggs to 
hatch is greatly reduced (Hartung 1 965). b66 Rittinghaus 
(1956)5g1 reported an incident in which numerous Cabot's 
Terns (Thalasseus sandvicensi~) and other shorebirds became 
contaminated with oil that had been washed on shore. Eggs 
which were subsequently oiled by the plumage of oiled fe- 
male terns did not hatch even after 50 days of incubation. 
The absence of visible surface oils should protect wildlife 
from direct effect. 

Oils can be sedimented by coating particulates on the 
surface and then sinking to the bottom. Sedimented oils 
have been associated with changes in benthic communities 
(Hunt 1957)67%nd have been shown to act as concentrators 
for chlorinated hydrocarbon pesticides (Hartung and 
Klingler 1 97OS7O). 

Recommendafion 

To protect waterfowl, there should be no visible 
floating oil (see p. 146 of this Section and pp. 263-264 
of Section IV). 

form, even under chemically and physically adverse en- 
vironmental conditions. Its toxins are produced in tlse 
course of its metabolic activity as the vegetative form grov - 
and reproduces in suitable media. Outbreaks occur wh 
aquatic birds consume this preformed toxin. 

The highest morbidity and mortality rates from botulism 
in aquatic birds have been recorded in shallow, alkaline 
lakes or marshes in the western United States, and outbreaks 
have most commonly occurred from July through Septem- 
ber and, in some years, October. The optimum tempera- 
tures for growth of the bacterium or the toxin producrion, 
or both, have been reported as low as 25 C (Hunter et al. 
1970)577 and as high as 37 C (Quortrup and Sudheimer 
1942s88). The discrepancies are probably the result of differ- 
ences in the esperirnental conditions under which the meas- 
urements were made and the strains of Cl. botulinum type C 
used. 

The popular belief that avian botulism epizootics are as- 
sociated with low water levels and consequent stagnation is 
not necessarily supported by facts. In three of the years of 
heaviest bird losses in the history of the Bear River Migra- 
tory Bird Refuge (1965, 1967, and 1971), the water supply 
was considerably more abundant than normal (Hunter, 
California Department of Fish and Game, personal communi- 
catton; unpublished Bureau of Sport Fisheries and Wildlife 
reportsam). The high water levels caused flooding of mud 
flats not normally under water in the summer months. Simi- 
lar inundations of soil that had been dry for several yr--c 
have been associated previously with outbreaks on the : 
River Refuge and in other epizootic areas. A partial ex- 
planation for these associations may be that flooding of dry 
ground is commonly followed by a proliferation of many 
species of aquatic invertebrates (McKnight 197On8'), the 
carcasses of which may be utilized by Cl. botulinum. 

Bell et al. (1  955)662 provided experimental support for an 
idea expressed earlier by Kalmbach (1 934) .S81 According to 
their 'Lrnicroenvironment concept," the bodies of inverte- 

'* Lead Waterfowl often mistake spent lead shot for, seed 
or grit and ingest it. See Section IV, pp. 227-228, for a 
discussion of this problem. 

Recommendation 

The recommendation of the Marine Aquatic Life 
and Wildlife Panel, Section IV, (p. 228) to protect 
waterfowl also applies to the freshwater environ- 
ment. 

Botulism Poisoning Botulism is a food poisoning 
caused by the ingestion of the toxin of Clostridittrn botulinurn 
of any six, immunologically distinct types, designated A 
through F. The disease, as it occurs in epizootic proportions . 
in wild birds, is most commonly of the C type, although 
outbreaks of type E botulism have been o'bserved on the 
Great Lakes (Kaufman and Fay 1 9646*, Fay 1 966560). 

C1. botulinurn. a widely distributed anaerobic bacterium, 
is capable of existing for many years in its dormant spore 

. . 
brate animals provide the nutrients and the anaerobic en- 
vironment required by C .  botulinum type C for growth and 
toxin production. These bodies would presumably also offer 
some protection to the bacterium and its toxin from a chemi- 
cally unfavorable ambient medium: Jensen and Allen 
(1960)57B presented evidence of a possible relationship be- 
tween die-offs of certain invertebrate species and subsequent 
botulism outbreaks. 

The relationship between alkalinity .or salinity of the 
marsh and the occurrence of botulism outbreaks is not clear. 
Invertebrate carcasses suspended in distilled water support 
high levels of toxin (Bell et al. 1955).552 Laboratory medie 
are commonly composed of ingredients such as peptones 
yeast extract, and glucose, without added salts. The mediurr 
used routinely at the Bear River Research Station for tht 
culture of C1. botulinum type C has a pH of 6.8 to 7.0 afte: 
heat sterilization. McKee et al. (1958)58Qhowed that 
pH was automatically maintained at a particular lev,. 11 



laboratory cultures of CI. botuiinum type C throughout the 
growth period, the largest amount of toxin was produced at  
pT- 7, the lowest level tested. Decomposing carcasses of 
b~ .ead of botulism commonly contain very high concen- 
irations of type C toxin, and in these cases production is 
ordinarily independent of the chemical composition of the 
marsh. 

Kalmbach (1934)bs' tabulated the salt concentrations of 
water samples collected from 10 known botulism epizootic 
areas. The values ranged from 261 to 102,658 ppm (omit- 
ring the highest, which was taken from a lake where the bird 
losses were possibly from a cause other than botulism). 

Christiansen and Low (1970)"6 recorded conductance 
measurements on water in the management units of the 
Bear River Migratory Bird Refuge and the Farmington Bay 
Waterfowl Management Area, both sites of botulism out- 
areaks varying in severity from year to year. The average 
conductance of water flowing into the five units of the Bear 
River Refuge in five summers (1 959-1 963) ranged from 3.7 
to 4.9 millimhos per centimeter at 25 C. The readings on 
outflowing water from the five units ranged from 4.4 to 8.3 
mmhos. Comparable figures for the three Farmington Bay 
units were 1.8 to 3.2 (inflow) and 3.2 to 4.8 mmhos (out- 
flow). Thus the salinity range of the inflowing water at Bear 
River was comparable to that of the outflowing water at 
Farmington. 

These data suggest that salt concentration of the water in 
an I-izootic area is not one of the critical factors influencing 
tl :urrence of outbreaks. If high salinity does favor their 
jccurrence, it is probably not because of its effect on Ci. 
uotulznum itself. Other possible explanations for the higher 
incidence of botulism in shallow, alkaline marshes are: 

temperature above 70 F, fluctuating water levels, 
and elevared concentrations ,of dissolved solids. 
Management of these factors may reduce outbreaks 
of botulism poisoning. 

Substances Acting After Magnification in Food Chains 

Chlorinated Hydrocarbon Pesticides 

DDT and Derivatives DDT and its abundant de- 
rivatives DDE and TDE have high lipid solubility and low 
water solubility, and thus tend to concentrate in the lipid, 
i.e., living fraction of the aquatic environment (Hartung 
1 967b).568 DDE is the most stable of the DDT compounds 
and has been especially implicated in producing thinning of 
egg shells, increased breakage of eggs, reproductive failure 
in species occi~pying the apes of aquatic food chains in areas 
with long histories of DDT usage. . 

Reproductive failures and local extirpation associated' 
with egg shell thinning have been reported for several North 
Ameiican bird species. The phenomenon was first described 
and is most wide-spread for the peregrine falcon (Falto 
pert-grinrls) (Hickey and Anderson 1968). 574 Since then simi- 
lar phenomena have been described in Brown Pelicans 
(Pelecanlts occidoztalis) (Anderson and Hickey 1970)6b1 and 
species of several other families of predatory birds. Further 
increases of DDE in large receiving basins, such as the Great 
Lakes, would be expected to increase the extent of repro- 
ductive failure among predatory aquatic bird populations. 
Concentrations as low as 2.8 ppm p ,p'DDE on a wet- 
weight basis produced esperimental thinning of egg shells in 
the American Kestrel (Falco sparvarius) (Wiemeyer and 

Saline waters may support higher invertebrate popu- Porter 1 970).5Qe Heath et al. (1 969)672 induced significant 

lation levels than do relatively fresh waters. (corn- levels of eggshell thinning in mallards after feeding them 

parisons, as they relate to avian botulism, have not similarly low levels of DDE. Concentrations of DDT com- 

been made.) pounds in the water of Lake Michigan have been estimated 

High salinity may inhibit some of the microorganisms to be 1 to 3 parts Per trillion (Reinert 1970)58Q (Table 

that compete with ~ 1 .  bolultnllm for nutrients or  those 111-21). Concentrations that would permit the assured sur- 

that cause deterioration of the toxin. viva1 of sensitive predatory bird species are evidently much 

salinity may have no significant effect on the in- lower than that. Because such low concentrations cannot be 

vertebrates or the bacteria, but it increases the sus- reliably measured by present technologies and because the 

ceptibility of the birds, coach (1964)557 has shown concentrating factor for the food chains appears to be vari- 

ihat type c botulinum decreases the activity of able or is not known, or both, a biological monitoring sys- 

the salt gland in ducks, reducing its capacity to tem should be chosen. If it is desired to protect a number of 

eliminate salt. ~ i ~ d ~  so succumb to smaller fish-eating and raptorial birds, it is essential to reduce the 

doses of toxin than do those provided with fresh levels of DDE contamination, especially in large receiving 

water. basins (see Section IV). 

outbreak  of botulism poisoning tend to be associ- The available data indicate that there should not be con- 

ated with or affected by insect diemofis, water tern- ce""ations greater than m d k g  DDT in any 

peratures above 70 F, fluctuations in water levels and aquatic plants or animals in order to protect most species of 

elevated concentrations of dissolved solids. aquatic wildlife. Present unpublished data indicate effects 
for even lower levels of DDE to some species of predatory 

' 

Recommendation birds (Stickel unpublished data). eO' 

tbreaks of botulism poisoning tend to be as- Present environmental levels vastly exceed the recom- 
sb ,..tted with, or affected by insect die-offs, water mended levels in many locations, and continued direct or 
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TABLE 111-21-Relationship of DDT and Metabolites to 1970,"6 Vos et al. 19706Q7) which are highly toxic to de- 
Eggshell Thinning veloping embryos. 

Spadsr Donla* wet. Pesticide lava1 Thinning - Ralerance 
Wallhl bans . in eggs 

Percent 

Haning gull (brus 
~rlanlalur) 

Amerlan ksrlrel 
(Falco tpamriur) 

Mallard 

1000 mg/kg N.D.t 25 Tucker h Haafalc, 1970888 
single dore 

N.D.t 0-10 ppm DDE a. 5 Endsrson h Barter, 1970080 
10-20 ppm DOE o. 13 
20-30 ppm ODE u. 18 
30 ppm DDE a 25 

100 ppm o.pDDT 23.6 ppm o.pDDT 4 Bitman at a L , 1 8 6 9 ~  
0. $2 ppm DDE 

100 ppm p.p'DDT 48.0 ppm p,plDDE 6 
a. 3.3 ppm 227 ppm total DOT N.D.7 Keith, 19660U 

Dla i  DOT 
2.8 ppmp,p'DDE 32.4 ppm DOE 10 Wismsysr & Pnrler. 18700*9 

**2.l ppm DOE N.Dt 11 Heath a1 A. 1868"' 
.*11.2 ppm DDE N.D.t 14 

All lsrb auapl L a  flrst one are chronic, spanninf a1 least savant months 
" Convertad lrnm d w l u s i r  
t No1 datarminad. 

indirect inputs of DDT would make these recommendations 
unattainable. 

Recommendation . 

In order to protect most species of aquatic wild- 
life, the total DDT concentration on a wet-weight 
basis should be less than 1 mg/kg in any aquatic 
plants or animals. (Also see Recommendations for 
Pesticides, p. 185-186.) 

Polychlorinated Biphenyls (PCB) Polychlorinated 
biphenyls are chlorinated hydrocarbons which are highly 
resistant to chemical or biological degradation. They have 
been widespread environmental contaminants (Jensen et al. 
1969, 680 Risebrough et al. 1 968600). Their biological effects 
at present environmental concentrations are not known. 
PCB's can elevate microsomal enzyme activity (Risebrough 

.et al. 1968,600 Street et al. 1968604), but the environmental 
significance of that finding is not clear. The toxicity of 
PCB is influenced. by the presence of small amounts of con- 
taminated chlorinated dibenzofurans (Vos and Roeman 

Recommendation 

Because of the persistence of PCB. and their 
susceptibility to biological magnification, it is 
recommended that the body burdens of PCB in 
birds and mammals not be permitted to increase 
and that monitoring programs be . . instituted (see 
Section IV). 

Mercury 

Westoo (1966)6Q8 reported that almost all of the mercury 
found in fish is methyl mercury. Jensen and  erne el^; 
(1969)n9 showed that natural sediments can methylate 
ionic mercury. Mercury levels in fish in Lake St. Clair 
ranged between 0.4 and 3 ppm, averaging near 1.5 pprn 
(Greig and Seagram 1 970).b84 Residues in fish-eating birds 
from Lake St. Clair ranged up to 7.5 pprn in a tern, and up 
to 23 pprn in a great blue heron (Dustman et al. 1970). 668 

These residues are comparable to those found in Swedish 
birds that died after experimental dosing with methyl- 
mercury, and in birds that died with signs of mercury poi- 
soning under field conditions in Scandinavian countres 
(Henriksson et al. 1 966,673 Borg et al. 1969,6b4 Holt 1969676). 
To date, no bird mortalities due to mercury contamination 
have been demonstrated in the Lake St. Clair area, but 
body burdens of fish-eating birds are obviously close to 
demonstrated toxic levels. It is therefore concluded that I 

mercury levels in fish flesh should be kept below 0.5 pprn .- 
assure the long-term survival of fish-eating birds. Since this 
level incorporates little or no safety margin for fish-eating 
wildlife, it is suggested that the safety of a 0.5 pprn level be 
reevaluated as soon as possible. 

Recommendation 
I 

Fish-eating birds should be protected if mercury 
levels in fish do not exceed 0.5 pg/g. 

Since the recommendation of 0.5 pg/g mercury 
in fish provides little or no safety margin for fish- 
eating wildlife, it is recommended that the safety 
of the 0.5 &/g level be reevaluated as soon as 
possible. 
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sensitive resident family mean acute value as the 
site-specific Final Acute Value. 

To derive the criterion maximum concentration 
divide the site-specific Final Acute Value by two. 
The site-specific Final Chronic Value can be 
obtained as described in the Appendix L. The 
lower of the site-specific Final Chronic Value (as 
described in the recalculation procedure - 
Appendix L, p. 90) and the recalculated site- 
specific Final Residue Value becomes the site- 
specific criterion continuous concentration unless 
plant or other data (including data obtained from 
the site-specific tests) indicates a lower value is 
appropriate. I f  a problem is identiti@, judgment 
should be used in  establishing the site-specific . , 

criterion. 

The frequency of testing (e.g., the need for 
seasonal testing) will be related to the variability 
of the physical and chemical characteristics of site 
water as it is expected to affect the biological ' 

availability and/or toxicity of the material of 
interest. As the variability increases, the 
frequency of testing will increase. Many of the 
limitations discussed for the previous two 
procedures would also apply to this procedure. 

Endnotes 

1 .  Proceedings in production. 

Contact: Ecological Risk Assessment Branch (4304) 
U .S. Environmental Protection Agency 
401 M Street, S.W. 
Washington. DC 20460 
~ e l e ~ h o n e  (202) 260- 1940 



Water OluJttv S ~ J u d s  Handbook - Sacoad ~dition 

protected. Both this procedure and the resulting 
criteria would be subject to full public 
participation requirements. EPA would review 
and approveldisapprove this protocol as a revised 
standard as part of the State's triennial 
reviewlrevision. After adoption of the procedure, 
public review of a slte-specific criterion could be 
accomplished in conjunction with the public 
review required for permit issuance. For public 
information, EPA recommends that once a year 
the State publish a list of site-specific criteria. 

is then used to develop appropriate NPDES permit 
limits. The rule thus provides a State with the 
flexibility to derive ,an appropriate site-specific 
criterion for specific waterbodies. 

As a point of emphasis, although a water-effect 
ratio affects permit limits for individual 
dischargers, it is. the State in all cases that 
determines i f  derivation of a site-specific criterion 
based on the water-effect ratio is allowed and i t  is 
the State that ensures that the calculations and 
data analysis are done completely and correctly. 

An exception to this policy applies to the waters 
of the jurisdictions included in the National 
Toxics Rule. The EPA review' is not required for 
the jurisdictions included in the Nationla] Toxics 
Rule where EPA established the procedure for the 
State for application to the criteria promulgated. 
The National Toxics Rule was a formal 
rulemaking process (with notice and comment) in 
which EPA pre-authorized the use of a correctly 
applied water-effect ratio. That same process has 
not yet taken place in States not included in the 
National Toxics Rule. 

However, the ~at ional  Toxics Rule ldoes not . 
affect 'State authority to establish scientifically 
defensible procedures to determine Federally 
authorized WERs, to certify those WERs in 
NPDFS permit proceedings, or to deny their 
application based on the Stale's, risk management 
analysis. 

As described in Section 1.1 1.36(b)(iii) of the water 
quallty standards regulation (the official regulatory 
reference to the National Toxics Rule), the water- 
effect ratlo is a site-specific calculation. As 
Indicated on page 60866 of the preamble to the 
National Toxics Rule, the rule was constructed as 
a rebuttable presumption. The water-effect ratio is 
assigncd a valuc of 1.0 until  a different water- 
effect ratio I S  derived from suitable tests 
reprcwntative of conditicms in the affected 
waterbody. I t  is the rqsponsihility of the State to 
deterniinc whcthcr to rebut the assurned value of 
I .O in the Nat~unal Toxics R u l t  and apply another 
value of the water-effect ratio in order to establish 
a si te-speci fic criterion. The si te-specific criterion 

3.7.6 The Resident Species Procedure 

The resident Species Procedure for the denvalion 
of a si te-speci fic criterion accounts for differences 
in resident species sensitivity differences in 
biological availability andlor toxicity of a material 
due to variability in physical and chemical 
characteristics of a site water. Derivation of the 
site-specific criterion maximum concentration 
(CMC) and site-specific criterion continuous 
concentration (CCC) are accomplishd afler the 
complete acute toxicity minimum data set 
requirements have b&n met by conducting tests 
with resident species in site watcr. Chronic tests 
may also be necesyry. This procedure IS 

designed to compensate concurrently for any real 
differences between the sensitivity range of 
species represented i n  the national data sct and for 
site watcr which may markedly affcct the 
biological availability and/or toxicity of the 
material of interest. 

Certaln families of organisms have bwn spcc~ticd 
in the National Guidelines acute toxicity minimum 
data set (e.g., Salmonidae in fresh waler and 
Penaeidae or Mysidae in salt water); if this or any 
other requirement cannot be met bccau.~ the 
family or other group (e.g., insect or hcnrhic 
crustacean) in fresh water is not represcntcd by 
resident species, select a substitute(s) firm a 
sensitive family represenled by one or Inore 
resident species and meet the 8 family ~ t i i n i n ~ u r n  
data set requirement. I I f  all the faniilles at thc s~te 
have been tested and sthe minimum data set 
requirements have not been met. usc tlic 1110st 



For some lipid-soluble materials such as 
polychlorinated biphenyls (PCB) and DDT, the 
national Final Residue Value is based on wildlife 
consumers of fish and aquatic invertebrate species 
rather than an FDA action level because the 
former provides a more stringent residue level. 
See the National Guidelines (USEPA, 1985b) for 
details. 

For the lipid-soluble materials whose national 
Final Residue Values are based on wildlife 
effects, the limiting wildlife species (mink for 
PCB and brown pelican for DDT) are considered 
acceptable surrogates for resident avian and 
mammalian species (e.g.-, herons, gulls, terns, 
otter, etc.) Conservatism is appropriate for those 
two chemicals, and no less restrictive modification 
of the national Final Residue Value is appropriate. 
The site-specific Final Residue Value would be 
the. same as the national value. 

3.7.5 The Water-Effect Ratio (WER) 
Procedure 

The guidance on the Water-Effect Ratio Procedure 
presented in Appendix L is intended to produce 
WERs that may be used to derive site-specific 
aquatic life criteria from most national and state 
aquatic life criteria that were derived from 
laboratory toxicity data. 

As indicated in Appendix L, t h e .  
determination of a water-effect ratio may rquire 
substantial resources. A discharger should 
consider cost-effective, preliminary measures 
described in this Appendix L (e.g., use of "clean" 
sampling and chemical analytical techniques 
especially for metals, or in non-NTR States, a 
recalculated criterion) to.determine if an indicator 
species site-specific criterion is really needed. In 
many .instances, use of these other measures- may 
eliminate the need for deriving water-effect ratios. ' 

The methods described in the 1994 interim 
guidance (Appendix L) should be sufficient to 
develop site-speci fic criteria that resolve concerns 
of dischargers when there appears to be no 
instream toxicity but, where (a) a discharge 
appears to exceed existing or proposed water 

quality-based permit limits, or (h) an instrearn 
concentration appears to excccd an existing or 
proposed water quality criterion. 

WERs obtained using the methods described in 
Id only be used to : & p e n d ~ x  L shou adlust aaua_c t i  

na W were, denved us . . .ine laboratou 
~ t v  WERs determined using the 

methods described herein cannot bc used to adjust 
the residue-based mercury Criterion Continuous 
Concentration (CCC) or the field-hascd wlen~um 
freshwater criterion. 

Except in jurisdictions that are subjcct to the 
NTR, the WERs may also be uscd with site- 
specific aquatic life criteria that arc dcrived using 
the Recalculation Procedure dcscrihd in 
Appendix L (p.90). 

~ a i e r - w f e c t  Rcrrios in the L)eriva!ion o/ 
Site-Speci/ic Criferia 

A central question concerning WEKs i s  whether 
their use by a State results i n  a bite-specific 
criterion subject to EPA revieu arld approval 
under Section 303(c) of the Clean Watcr Act? 

Derivation of a water-effect ratio by a State is a 
site-specific criterion adjustment suhject to EPA 
review arid approval/disapprovaI undcr Section 
303(c). There are two options hy which this 
review can be accornp1isht.d. 

Option 1: 

A State may derive and submit uch individual 
water-effect ratio determination to f;PA for review 
and approval. This would be accomplished 
through the normal review and revision process 
used by a State. 

Option 2: 

A State can amend its water qualiry standards to 
provide a formal procedure' which includes 
derivation of water-effect ratios, appropriate 
definition of sites, and enforceable monitoring 
provisions to assure that -designarcd uses are 
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but these and comparably sensitive species 
might not occur at the site. 

+ Second, a species that is critical at the site 
might be sensitive to the pollutant and 
require a lower criterion. (A critical species 
is a species that is commercially or 
recreationally important at the site, a species 
that exists at the site and i s  listed as 
thrwtened or endangered under *tion 4 of 
the Endangered Species Act, or a species for 
which there is evidence that the loss of the 
species from the site is likely to cause an 
unacceptable impact on a commercjally or 
recreationally important species, a threatened 
or endangered species, the abundances' of a 
variety of other species, or the structure' or 
function of the community.) 

Third. the species that occur at the site 
might represent a narrower mix of species 
than those in the national dataset due to a 
limited range of natural environmental 
condi lions. 

The procedure presented i n  Appendix L, pp. 90- 
98 is structured so that corrections and additions 
can be made to the national dataset without the 
deletion process being used to take into account 
taxa that do not occur at the site; in effect, this 
procedure makes i t  possible to update the national 
aquatic life criterion. All corrections and 

additions that have been  approved by EPA are 
'required. whereas .uy8 of the deletion process is 
opti'onal. The deletion process may a be used' 
to remove species from the criterion calculation 
that are not currently present at a site due to 
degraded conditions. , . 

The Recalculation Procedure is more likely to 
result in lowering a criterion if the net resulr of 
addition and deletion is to decrease the number of 
genera in the datasct, whereas the procedure is 
more likely to result i n  raising a criterion i f  the 
net result of addition :and deletion is to increase 
.the number of genera in the dataset. 

. .  8 

For the lipid soluble chemicals whose national 
~ i n i  Residue Values are based on Food and Drug 
Administration (FDA) action levels. adjustments 
in those values based on thc percent lipid content 
of resident aquatic species is appropriate for the 
derivation of site.-spw~fic Final Residue Values. 
For lipid-soluble materials, the national Final 
Residue Value is based on an average 1 1  percent 
lipid content for edible portions for the freshwater 
chinook salmon and lake trout and an average of 
10 percent lipids for the edible portion for 
saltwater Atlantic hemng. Resident species of 
concern may have higher (e.g., Lake Superior 
siscowet, a race of lake trout) or lower (e.g., 
many sport fish) percent l~pid content than used 
for the national Final Residue Value. 



+ If data in the national criterion document 
and/or from other sources indicate that 
physical and/or chemical characteristics of 
the site water may affect the biological 
availability andlor toxicity of the material of 
interest, and the selected resident species 
range of sensitivity is similar to that for the 
species in the national criterion document, 
use the Wurer-Efect Raio Procedure 
(Section 3.7.5). 

+ I f  data in the national criterion document 
and/or from other sources indicated that 
physical and/or chemical characteristics of 
the site water may affect the biological 
availability and/or toxicity of the material of 
interest, and the selected resident species 
range of sensitivity is differed from that for 
the species , in the national criterion 
document, and if both these differences are 
to be taken into account, use the 
Reculculuion Pr(xedure in conjunction with 
the Wuter-Enect Ratio Procedure or use the 
Resident  specie.^ Pr~xedure (Section 3.7.6). 

3.7.3 Definition of a Site 

Since the rationales for site-specific criteria are 
usually based on potential differences in species 
sensitivity, physical and chemical characteristics 
of the water, or a combination of the two, the 
concept of site must be consistent with this 

when a site-specific criterion is derived using the 
Recalculation Procedure. all species that "occur at 
the s,item need to be taken into account when 
deciding what species, if any, are to be deleted 
from the dataset. Unique populations or less 
sensitive uses within sites may.  justify a 
designation as a distinct site. 

If the species of a site are toxicologikally 
comparable to those in the national criteria data 
set for a material of interest, and physical andlor 
chemi,cal water characteristics are the only factors 
supporting modification of the national criteria, 
then the site can be defined ,on the basis of 
expected changes in the material's biological 
availability and/or toxicity due to physical and 
chemicA1 variabilily of the site water. However, 
when a site-specific criterion is dcrivd using a 
WER, the WER is to be adequately protective of 
the entire site. I f ,  for rxamplc, a site-specific 
criterion is being derived for an estuary, WERs 
could be determined using samples of.the surface 
water obtained from various sampling stations, 
which, to avoid confusion, should not be called 
"sites". I f  all the WERs were sufficicntly.si,milar; 
one site-specific criterion could be derived io 
apply to the whole estuary. I f  thc WERS were 
sufficiently different, eithcr the lowcs~ WEH could 
be used to derive a site-spccific critcrion for the 
whole estuary, or the data might indicate that the 
estuary should be divided into two or more sites, 
each with its own critcrion. 

rationale. 
3.7.4 The Recalculation Procedure 

In the general context of site-specific criteria, a 
"site" may be a state, region, watershed, The Recalculation Procedure is intended to cause 
waterbody, or segment of a waterbody. The site- a site-specific criterion to appropriately differ 
specific criterion is to be derived to provide from a national aquatic life criterion if justified by 
adequate protection for the entire site, however demonstrated pertinent toxicological d~fferences 
the site is defined. between the aquatic species that occur at the site 

and those that were used in the derivation of the 
If water quality effects on toxicity are not a national criterion. There are at las t  three reasons 
consideration, the site can be as large as a why such differences might exist between the two 
gtnerally consistent biogeographic zone permits. sets of species. 
For example, large portions of the Chesapeake 
Bay, Lake Michigan, or the Ohio River may be First, the national dataset contains aquatic 
considered as one site i f  their respective aquatic species that are sensitive to many pollutants, 
communities do not vary substantialiy. However, 
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The previous guidance concerning site-specific 
procedures did not allow the Recalculation 
Procedure and the WER procedure to be used 
together in the derivation of a site-specific aquatic 
life criterion; the only way to take into account 
both species composition and water' quality 
characteristics in the determination of a site- 
specific criterion was to use the Resident Species 

ific change contained &~&Jx Procedure. a 
. . , .  

exc-t~ons that are sub!- 
Sh e Nat'onal 1 Toxics Ru 1 e. the Recalculation 
Procedure and the W E R  Procedure may now bg 
~JXXI tm provided that the recalculation 
procedure is performed first. Both the 
Recalcula~ion procedure arid the WER Procedure 
are based directly on the guidelines for deriving 
nat~onal aquatic life criteria (USEPA 1985 ) and, 
when the two are used together, use of the 
Recalculation Procedure must be performed first 
becausc the Recalculation Procedure has specific 
implications conccm'ing the determination of the 
WER. 

3.7.2 Preparing to Calculate Site-Specific 
Criteria 

Adopting site-specific criteria in water quality 
standards is a State option--not a requirement. 
Moreover. EPA is not advocating that States use 
site-speci fic criteria development procedures for 
setting all aquatic life criteria as opposed to using 
the National Section 304(a) criteria 
recommendations. Site-specific criteria are not 
needed in all situations. When a State considers 
the possibility of developing site-specific criteria, 
i t  is esscotial to involve the appropriate EPA 
Regional office at the start of the project. 

This early planning is also essential if i t  appears 
that data generation and testing may be conducted 
by a party other than the State or EPA. The State 
and EPA need to apply the procedures judiciously 
and must consider the complexity of the problem 
and the extent of knowledge available concerning 
the fate and effect of the pollutant under 
consideration. I f  site-specific criteria are 
developed without early I'PA involvement in the 

expect EPA to take additional time to closely 
scrutinize the results before granting any approval 
to the formally adopted (standards. 

The following sequence of decisions need to be 
made before any of the procedures ., ~ are initiated: 

+ verify that site-specific criteria are actually 
needed ( P . R . ,  that the use of clean sampling 
and/or analytical techniques. especially for 
'metals, do not 'result in attainment of 
standards. ) 

4 ' Define the site boundaries. . . 
e., 

+ ,  Determine from the national criterion 
document and other sources if  physical 
and/or chemical characteristics are known to 
affect the biological availability and/or 
toxicity of a material of interest. 

+ If data in the national criterion document 
and/or from other sources indicate that the 
range of sensitivity of the ,selbted resident 
species to the material of interest is different 
from the rangt: for the species in the national 
criterion document, and variation in physical 
and/or chemical characteristics of the site 
water is not expected to be a factor, use the 
R e ~ ~ k ' l t / ~ f i o n  Proc.rditre (Sect ion 3.7.4 j . 

planning and design o f  the ~ask, the State may 
- 

. . 



(1) the species at the site are more or less 
sensitive than those included in the national 
criteria data set ( e . 8 . .  the national criteria 
data set contains data for trout, salmon, 
penaeid shrimp, and other aquatic species 
that have been shown to be especially 
sensitive to some materials), or 

(2) physical and/or chemical characteristics of 
the site alter the biological availability 
and/or toxicity of ' the chemical ( e . ~ . ,  
alkalinity, hardness, pH, suspended solids 
and salinity influence the concentration(s) of 
the toxic form@) of some heavy metals, 
ammonia and other chemicals). 

Therefore, i t  is appropriate that site-specific 
procedures address each of these conditions 
separately as well as the combination of the two. 
In the early 1980's, EPA recognizd that 
laboratory-derived water quality criteria might not . . 

accurately reflect site-specific conditions and, in 
response, created three procedures to derive site- 
specific criteria. This Handbook contains the 
details of these procedures, referenced below. 

1. The Pecalculation Procedure is intended to 
take into account relevant differences 
between the sensitivities of the aquatic 
organisms. in the national dataset and the 
sensitivities of organisms that occur at the 

. site (see Appendix L, pp. 90-97). 

2. The Water-Effect Ratio Procedy~e (called the 
Indicator Species Procedure in USEPA, 
1983a; 1984f ) provided for the use of a 
water-effect ratio (WER) that is intended to 
take \into account relevant differences 
between the toxicities of the chemical in 
laboratory dilution water and in site water 
(see Appendix L). 

3. The V s  P r o c e d u  intended to 
take into account both kinds of differences 
simultaneously (see Section 3.7.6). 

These procedures were first published in the 1983 
Warer Quulirv Sturulurh Ilundhook (USEPA, 

1983a) and expanded upon in the Guidclin~s f r ~ r  
Deriving Ngmerical Aquaric. SIre-Spfi'jfic Wurcjr 
Quliry Crireriu by M(drfving hrurionul -Crircarid 
(USEPA, 1984f). Interest has increased .in recent 
years as states have devoted more ,attention to 
chemical-specific water quality criteria for aquatic 
life. In  addition, interest in water-effect ratios 
increased when they were integraled into;some of 
the aquatic life criteria for metals that were 
promulgated for several states in the National 
Toxics Rule (57 EB 60848. December 22, 1992). 
The OfJice of Wurer Policy orui Technicul 
Guidunce on Inrerprerarion and Implen~enrurinn of 
Aquuric Lfe  Crirena for Meruls (USEPA, 1993f) 
(see Section 3.6 of this Handbook) provided 
further guidance on site-specific criteria for metals 
by recommending the use of dissolved mekls for 
setting and measuring compliance with water 
quality standards. 

The early guidance concerning WERs (USEPA, 
1983a; 1984f) contained few details and needed 
revision, especially to take into account newer 
guidance concerning metals. To meet this need, 
EPA issued Inrerim Guidunce on tlrc 
Determination urul Use I!/ Wurer-Eflet'r Ruriosj)r 
Meruls in 1994 (Appendix L), hletals are 
specifically addressed in Appendix L because of 
the National Toxics Rule and because of current 
interest in aquatic life criteria for metals; although 
most of this guidance also applies to other 
pollutants, some obviously applies only to metals. 
Appendix L supersedes all guidance concerning 
water-effect ratios and the Indicator Species 
Procedure given in Chapter 4 of the Wurer 
Quality Sradurds Handbook (USEPA, 1983a) and 
in Guideliwsj?)r Deriving Nwnericul Aquuric Sire- 
Spe~jJic Wuier Quulin, Crireriu by h1tdifiin.q 
Nurionul Crireriu (USEPA, 1984f). Appendix I. 
(p. 90-98) also supersedes the guidance in these 
earlier documents for the Recalculation Procedurtl 
for performing site-specific criteria modifications. 
The Resident Species Procedure rtmalns 
essentially unchanged since 1982 (except for 
changes in the averaging periods to conform to 
the 1985 aquatic life criteria guidelines (USEPA, 
1985b) and is presented in Section 3.7 .6 ,  below. 



Use of flisforical h a  

The concerns about metals sampling and analysis 
discussed above raise corresponding concerns 
about the validity of historical data. Data on 
effluent and ambient metal concentrations are 
collected by a variety of organizations including 
Federal agencies (e.g., EPA, USGS), State 
pollution control agencies and health departments, 
local government agencies, municipalities, 
industrial dischargers, -researchers, and others. 
The data arc collcctd for a variety of purposes as 
discus& above. 

Concern about the reliability of the sample 
collection and analysis procedures is greatest 
whcre they have been used to monitor very low 
level metal concentrations. Specifically, studies 
have shown data sets with contamination problems 
during sample collection and laboratory analysis, 
that have resulted in inaccurate measurements. 
For example, in developing a TMDL for New 
York Harhor. some historical ambient data 
showed cxtcnslve metals problems in the harbor, 
while other historical ambient data showed only 
limited metals problems. Careful resampling and 
analysis In 19921 1993 showed the latter,view was 
corrwt. The key to producing accurate data is 
appropriate quality assurance (QA) and quality 
control (W') procedures. EPA belieyes that most 
historical data for metals, collected and analyzed 
with appropriate QA and QC at levels of 1 ppb or 
higher, are reliable. The data used in 
devclopnitnt of EPA criteria are also considered 
rcliablt. both because they meet the above test 
and becausc the toxicity test solutions are created 
by add~ng known amounts of metals. 

With respect to effluent monitoring reported by an 
NPDE.5 permittee. the permittee is responsible for 
collecting and reporting quality data on,. a 
Discharge Monitoring Report (DMR). Permitting 
authorities should continue to consider the 
information reported to be true, accurate, and 
complttcl ils certified by the permittee. Where the 
permittw becomes aware of new information 
specific to the eftluent discharge that questions the 
quality of previously submitted DMR data, the 

permittee must promptl'y submit that information 
to the permitting authority; The permitting 
authority will .consider all information submitted 
by the permittee in determining appropriate 
enforcement responses - to monitoring/reporting 
and effluent violations. (See Appendix J ,  
Attachment #4 for additional details.) 

a SititeSpecifii Aquatic Life Criteria 

The purpose of this section is to provide guidance 
for the development of site-specific water quality 
criteria which reflect local environmental 
conditions. Site-specific criteria are allowed by 
regulation and are subject to EPA review and 
approval. The Federal water quality standards 
regulation at section 13 I .  11  (b)(l)(ii) provides 
States with the opportunity to adopt water quality 
criteria that are "...modified to reflect site-specific 
conditions. " Site-specific criteria, as with all 
water quality criteria, must be based on a sound 
scientific rationale in order to protect the 
designated use. Existing guidance and practice 
are that EPA will approve site-specific criteria 
developed using appropriate procedures. 

A site-specific criterion is intended to come closer 
than the national criterion to providing the 
intended level of protection to the aquatic Life at 
the site, usually by taking into account the 
biological andlor chemical conditions (i.e., the 
species composition and/or water quality 
characteristics) at the site. The fact that the U.S. 
EPA has made these procedures available should 
not be interpreted as implying that the agency 
advocates that states derive site-specific criteria 
before setting state standards. Also, derivation of 
a site-specific criterion does not change the 
intended level of protection of the aquatic life at 
the site. 

3.7.1 History of Site-Specific Criteria 
Guidance 

National water quality criteria for aquatic life may 
be under- or over-protective if: 



need to be able to translate from dissolved metal 
to '  total recoverable metal for TMDLs and 
NPDES permits. TMDLs for metals must be able 
to calculate: ( 1 )  dissolved metal in order to 
ascertain attainment of water quality' standards, 
and (2) total recoverable metal in order to achieve 
mass balance necessary for permitting purposes. 

EPA's NPDES regulations require that limits of 
metals in permits be stated as total recoverable in 
most cases (see 40 CFR $122.45(c)) except when 
an effluent guideline specifies the limitation i n  
another form of the metal, the approved analytic. 
methods measure only dissolved metal, or the 
permit writer expresses a metals limit in another 
form (e.g., dissolved, va!ent specific, or total) 
when required to carry out provisions of the 
Clean Water Act. This is because the chemical 
conditions i n  ambient waters frequently differ 
substantially from those i n  the effluent, and there 
is no assurance that effluent particulate metal 
would not dissolve after discharge. The NPDES 
rule does not require that State water quality 
standards be expressed as total recoverable; 
rather, the rule requires permit writers to translate 
between different metal forms i n  the calculation of 
the permit lirnit so that a total recoverable limit 
can be established. Both the TMDL and NPDES 
uses of water quality criteria require the ability to 
translate between dissolved metal and total 
recoverable metal. Appendix J ,  Attachment #3 
provides guidance on this translation. 

3.6.4 ~uidance on Monitoring J 

Use of Clean Sampling and Alialytical 
Techniques 

In  assessing waterbodies to determine the potential 
for toxicity problems due to metals, the quality of 
the data uscd is an important issue. Metals data 
are used to determine attainment status for water 
quality standards. discern trends in water quality, 
estimate background loads for TMDLs, calibrate 
fate and transport models, estimate effluent 
concentrations (including effluent variability), 
assess permit compliance, and conduct research. 
The quality of trace level metal data, especially 

below 1 ppb, may be compromised due to 
contamination of samples during collection, 
preparation, storage, and analysis. Depending on 
the level of metal present, the use of "clean" and 
"ultraclean" techniques for sampling and analysis 
-may be critical to accunte data for 
implementation of aquatic life criteria for metals. 

The significance of the sampling and analysis 
contamination problem increases as the ambient 
and effluent metal concentration decreases and, 
therefore, problems are more likely in ambient 
measurements. "Clean" techniques refer to those 
requirements (or practices for sample collection 
and handling) necessary lo product reliable 
analytical data in the part per billion (ppb) range. 
"Ultraclean" techniques refer to those 
requirements or practices necessary to produce 
reliable analytical data in the part per trillion (ppt) 
range. Because typical concentrations of metals 
i n  surface waters and effluents vary from one 
metal to another, the effect of contamination on 
the quality of metals monitoring data varies 
appreciably. 

EPA plans to develop protocols un the use of 
clean and ultra-clean techniqks and is 
coord~nating with the United States Geological 
Survey (USGS) on this project, because USGS has 
been doing work on these techniques for some 
tirne, especially the sampling procedures. Draft 
protocols for clean tcchniqucs were presentd at 
the Norfolk, VA analytical methods conference in 
the Spring of 1994 and final protocols are 
expected to be available i n  early 1995. The 
development of comparable protocols for ultra- 
clean techniques is underway and are expected to 
be available in late 1995. I n  dr\t.loping these 
protocols, we will consider the costs of these 
techniques and will give guidance as to the 
situations where their use is necessary. Appendlx 
L. pp. 98-108 provide some general guidance on 
the use of clean analyt~cal techniqucs. Wc 
recommend that this guidance he uscd by States 
and Regions as an interim stcp, uhilc the clcan 
and ultra-clean proti~ols art. hcing dcicloped. 



waterbody, as technically sound and the best use 
of resources. 

3.6.3 Total Maximum Daily Loads '(TMDLs) 
and National Pollutant Discharge 
Elimination System (NPDES) Permits 

Dynamic Wafer Qualdy Modeling 
While the above methods will correct some site- 
specific factors affecting metals toxicity, further 
refinements are possible. EPA has issued 
guidance for three si te-speci fic criteria 
development methodologies: recalculation 
procedure, water-effect ratio (WER) procedure 
(called the indicator species procedure in previous 
guidance) and resident species procedure. (See 
Section 3.7 of this Chapter.) 

In the National Toxics Rule (57 FR 60848, 
December 22, 1992), EPA recommended the 
WER as an optional method for site-specific 
criteria development for certain metals. EPA 
committed in the NTR preamble to provide 
additional guidance on determining the WERs. 
The Inrerim Guidance on the D e t e r m i ~ t i o n  and 
Use of Waer-Efec t  Rutios for Metals was issued 
by €PA on February 22, 1994 and is intended to 
fulfill that commitment. This interim guidance 

. supersedes all guidance concerning water-effect 
ratios and the recalculation procedure previously 
issued by EPA. This guidance is included as 
Appendix L to this Handbook. 

Although not sxc.ifically part of the reassessment 
of water quality criteria for metals, dynamic or 
prbbabilistic models are another useful tool for 
implementing water quality criteria, especially for 
those criteria protecting aquatic .life. These 
models provide another way to incorporate site- 
specific data. The Technic.rc1 Support Docwnenr 
for Wafer Qwliry-busud n~xii.s Control (TSD) 
(USEPA, '199 la) describes dynamic, as well as 
static (steady-state) models.. . ..Dynamic models ., " l  

make the best use of the specified magnitude, 
duration, and frequency of water quality criteria 
and, therefore, provide a more accurate 
representation of the probability that a water 
quality standard exccedence will occur. In 
contrast, steady-state models frequently apply a 
number of simplifying, worst case assumptions 
which makes them' less complex but also less 
accurate than dynamic models. 

Dynamic models have received increased attention 
over the last few years as a result of the 
widespread belief that steady-state modeling is 
over-conservative due to environmentally 
conservative dilution assumptions. This belief has 
led to the misconception that dynamic mde l s  will 
always lead to less stringent regulatory controls 
(e.g., NPDES effluent limits) than steady-state 
models, which is not true in every application of 
dynamic models. €PA considers dynamic models 
to be a more a c c u  approach to implementing 
water quality criteria and continues to recommend 
their use. Dynamic modeling does require a 
commitment of resources to devclop appropriate 
data. (See Appendix J ,  Attachment #3 and the 
USEPA, 1991a for deta~ls on the use of dynamic 
models.) 

In order to meet current needs, but allow for 
changes suggested by protocol users, €PA issued 
the guidance as "interim." EPA will accept 
WERs developed using this guidance, as well as 
by using other scientifically defensible protocols. 

Dissolved- Total Metal Tmnslotors 

Expressing ambient water quality criteria for 
metals as the dissolved form of a metal poses a 
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approaches to interpretation of the criteria because 
the documents were somewhat equivocal with 
regards to analytical methods. The May 1992 
interim guidance continued the policy that either 
approach was acceptable. 

The position that the dissolved metals approach is 
more accurate has been questioned because it  
neglects the possible toxicity of particulate metal. 
I t  is true that some studies have indicated that 
particulate metals appear to contribute to the 
toxicity of metals. perhaps because of factors such 
as desorption of metals at the gill surface, but 
these same studies indicate the toxicity of 
particulate metal is substantially less than that of 
dissolved metal. 

Furthermore, any error incurred from 
excluding the contribution of paniculate metal will 
generally be compensated by other factors which 
make criteria conservative. For example, metals 
in toxicity tests are added as simple salts to 
relatively clean water. Due to the likely presence 
of a significant concentration of metals binding 
agents i n  many discharges and ambient waters, 
metals in toxicity tests would generally be 
expected to be more bioavailable than metals in 
discharges or in ambient waters. 

If total recoverable metal is used for the 
purpose of specifying water quality standards, the 
lower bioavailability of particulate metal and 
lower bioavailability of sorbed metals as they are 
discharged may result in an overly conservative 
water quality standard. The use of dissolved 
metal in  water quality standards gives a more 
accurate result in the water column. However, 
total recoverable measurements in ambient water 
have value, in that exceedences of criteria on a 
total recoverable basis are an indication that metal 
loadings could be a stress to ,the ecosystem, 
particularly in locations other than the water 
column ( e . ~ . ,  in the sediments). 

The reasons for the potential consideration of total 
recoverable measurements include risk 
management considerations not covered by 
evaluation of water column toxicity alone. The 

ambient water quality criteria are neither designed 
nor intended to protect sediments, or to prevent 
effects in the food webs containing sediment 
dwelling organisms. A risk manager, however, 
may consider sediments and food chain effects 
and may decide to take a conservative approach 
for metals, considering that metals are very 
persistent chemicals. This conservative approach 
could include the use of total recoverable metal in 
water quality standards. However, since 
consideration of sediment impacts is not 
incorporated into the criteria methodology, the 
degree of conservatism inherent in the total 
recoverable approach is unknown. The 
uncertainty of metal impacts in sediments stem 
from the lack of sediment criteria and an 
imprecise understanding of the fate and transport 
of metals. EPA will continue to pursue research 
and other activities to close these knowledge gaps. 

Dissolved Criteria 

In the toxicity tests used to develop EPA metals 
criteria for aquatic life, some fraction of the metal 
is dissolved while some fraction is bound to 
particulate matter. The present criteria were 
developed using total recoverable metal 
measurements or measures expected to give 
equivalent results in toxicity tests, and are 
articulated as total recoverable. Therefore, in 
order to express the EPA criteria as dissolved, a 
total recoverable to dissolved conversion factor 
must be used. Attachment #2 in Appendix J 
provides guidance for calculating EPA dissolved 
criteria from the published total recoverable 
criteria. The data expressed as percentage metal 
dissolved are presented as recommended values 
and ranges. However, the choice within ranges is 
a State risk management decision. EPA has 
recently supplemented the data for copper and is 
proceeding to further supplement the data for 
copper and other metals. As testing is completed, 
EPA will make this information available and this 
is expected to reduce the magnitude of the ranges 
for some of the conversion factors provided. 
EPA also strongly encourages the application of 
dissolved criteria across a watershed or 
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on Aquatic Life criteria for additional trchnical dc~ailh. 'I'tlcy arc: (;rticlunc.e 

[1otvurrffnr on k:rpr(~.\.vior~ !/' ,4 ( / 1 4 ( 1 1 i l .  I,!/? C'riloriu 
,Metals us l)is.sr~l\vd C'rirc~rirl (i\ttitct\~i)c~l,~ #2 ). c;~ricluttc.e 

Dot-umrnr on I>jn(rtnirs l I frrd(~lin,~~ trr~cl '/itrt~.\llrror.s 
It is the policy of the Office of Water that the use (Attachment #3),  and (;uitiurrc~t~ I)r~c.~o,~c~tl~ on 
of dissolved metid to set and measure compliance Monirr~rin~ (Attachment #4).  'I'hcse will be 
with water quality standards i s  the recommended s~pplrmcntd as addililjna] infi,rlrati(,n hcctlllles 
approach, because dissolved metal more closely . available. 
approximates the bioavailable fraction of metal i n  
the water column than does total recoverable Since me~lstoxicity is significantly affected by 
metal. This conclusion regarding . ntetals site-specific factors, i t  prescnts a nulnbcr of 
bioavailability is supponed by a majority of the programmatic challenges. Factors that  nus st be 
scientific community within and outside EPA. in the 1TlanagcmCnt rnculs in the 
One reason is that a primary mechanism for water aquatic environment include.: t c , ~ i c i t ) ~  spc.ci!ic to 
column toxicity is adsorption at the gill surface effluent chemistry; toxicity s ~ c i f i c  10 anlbient. 
which requires metals, to be in the dissolved form. water chemistry; ,diffcrcm p;iltcrn.\ of toxicity fo;:' 

Until the scientific uncertainties are better 
resolved. a range of different risk management 
decisions can be justified by a State. €PA 
recommends that State water quality standards be 
based on dissolved metal--a conversion factor 
must'be used in order to express the EPA criteria 
articulated as total recoverable as dissolved. (See 
the paragraph below for technical details on 
developing. dissolved criteria.) EPA will also 
approve a State risk management decision to adopt 
standards based on total recoverable metal, i f  
those standards are otherwise approvable as a 
matter of law. (Oflee r , f  ~ u r e r  Policy ond 
Terhnic.ul Guid0nc.e on lnrerpwrorinn and 
Implemenrurion r , f  Aquaric. Lve Merols Crit'~na 
USEPA, 19930 . . 

3.6.1 Background 

The implementation of metals criteria is complex 
due to the site-specific nature of metals toxicity. 
This issue covers a number of areas including the 
expression of aquatic life criteria; total maximum 
daily loads (TMDLs), permits, effluent 
monitoring, and compliance; and ambient 
monitoring. The following Sections, based on the 
policy memorandum referenced above, provide 
additional guidance in each of these areas. 
Included in this Handbook as Appendix J are 
three guidance documents issued along with the 
Office of Water policy memorandum with 

diffcrcnt metals; evolution 01' tllc ~ ( 3 1 ~  01' the 
science of n~etals toxicity. fate. and transport; 
resource limitations' for nlclnitoring, analysis, 
,implementation. and rcscarch functions: corlcerns 
regarding some of the analytical data kurrently on 
record due to pc~ssihlc sanlpling and nni~lytical 
konkrnination; and lack of srilndardizcd protocols 
for clan and ultraclean nlctals analysis. The 
States have the key rols in the risk managcnlent 
process' of balancing thssc hctilrs in the 
management of watcr progrilms. 'rhc site-spcci'fic 
nature of this issue could hc perceived as 
requiring a ' pernrit-hy-permit approach to 
implementation. Howcvcr, III' i \  bclicvcs that this 
guidance can be cffcctively irnplernentttd on a 
broader level, across any  waters with roughly the 
sake physical and chcnliciil characterislics, and 
recomlnends that Statcs work with the Iil'A with 
that pcrspcclive in mind. 

I 

3.6.2 Expression of Aq~~; l t i r  1,ife Criteria 

Dissolved vs. Total Necovemhle ,\!eta1 

A major issue is whether, -and how, to use 
dissolved metal concentrations ( "dissolvd nietal") 
or total recoverable metal. conc'entraticlns ("total 
recoverable nictitl") in hcttitrg Statc water qirality 
standards. In the past, States havc uscd both 
approaches when applying the sanio EPA Section 
304(a) criteria guidance. ,Some older criteria 
documents rl~ay havc fiicili~i~tid thcs~ diifcrtfllt 
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these materials produce waste byproduct). Also, 
5 of the 21 are among the top 25 pollutants 
identified at Superfund sites in 1985 (3 metals, 2 
organics). 

Following this initial effort, EPA held a national 
meeting in April 1992' to constructively discuss 
and evaluate proposed 'methodologies for deriving 
wildlife criteria to build consensus among the. 
scientific community as to the most defensible 
scientifically approach(es) to be pursued by EPA 
in developing useful and effective wildlife criteria. 

The conclusions of this national meeting were as 
follows: 

wildlife criteria should have a tissue-residue 
component when appropriate; 

peer-review of wildlife criteria and data sets 
should be used i n  their derivation; 

wildlife criteria should incorporate methods 
to establish site-specific wildlife criteria; 

additional amphibian and reptile toxicity data 
are needed; 

further development of inter-species 
toxicological sensitivity factors are needed; 
and 

criteria methods should measure biomarkers 
in conjunction with other studies. 

On April 16, 1993, EPA proposed wildlife 
criteria in the W u e r  Qualie Guickrnce for rhe 
Grear Lakes Sysrem (58 F.R. 20802). The 
proposed wildlife cnteria are based on the current 
EPA noncancer human health criteria approach. 
In this propod.  in addition to requesting 
comments on the proposed Great Lakes criteria 
and methods, EPA also requested comments on 
possible modifications of the proposed Great 
Lakes approach for consideration in the 
development of national wildlife criteria. 

3.5.6 Numeric Criteria for Wetlands 

Extension of the EPA national 304(a) numeric 
aquatic life criteria to wetlands is recommended 
as part of a program to develop standards and 
criteria for wetlands. Appendices D and E 
provide an overview of the need for standards and 
criteria for wetlands. The 304(a) numeric aquatic 
life criteria are designed to be protective of 
aquatic life for surface waters and are generally 
applicable to most wetland types. Appendix E 
provides a possible approach, based on the site- 
specific guidelines, for detwtlng wetland types 
that might not be protected by direct application 
of national 304(a) criteria. The evaluation can be 
simple and inexpensive for those wetland types 
for which sufficient water chemistry and species 
assemblage data are available, but will be less 
useful for wetland types for which these data are 
not readily available. In  Appendix E, the site- 
specific approach is described and recommended 
for wetlands for which modification of the 304(a) 
numeric criteria are considered necessary. The 
results of this type of evaluation, combined with 
information on local or regional environmental 
threats, can be uscd to prior~tize wetland types 
(and individual criteria) for further site-specific 
evaluations and/or additional data collection. 
Close coordination among regulatory agencies, 
wetland scientists, and criter~a experis will be 
requirtd. 
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Wildlife Protection in Current Aquatic 
Criteria 

Current water quality criteria methodology is 
designed to protect fish, benthic invertebrates, and 
zooplankton; however, there is a provision in the 
current aquatic life criteria guidelines (Appendix 
H) that is intended' to protect wildlife. that 
consume aquatic organisms from the 
bioaccumulative potential of a compound. The 
final residue .value can be based on leither the 
FDA Action Level or 'a wildlife feeding study. 
However, if maximum permissible tissue 
concentration is not available from a wildlife 
feeding study, a final residue value 'cannot be 
derived and the criteria quantification procedure 
continues without further ~onsideration~of wildlife 
impacts. ~ i ~ o r i c a l l ~ ,  wildlife have been 
considered only after detrimental effects on 
wildlife populations have been observed in the 
environment (this occurred with relationship to 
DDT, selenium, and PCBs). 

wildlife' Criteria Development i 

EPA's national wildlife criteria effort began 
following release of a 1987 Government 
Accounting Office study entitled Wild/@ 
Management - National Refuge Contomination Is 
Dificult To Confirm and Clean U p  (GAO,  1987), 
After waterfowl deformities observed at Kesterson 
Wildlife Refuge were linked to selenium 
contamination in the water, Congress requested 
this study and recommended that "the 
Administrator of EPA, in close coordination with 
the Secretary of the Interior, develop water 
quality criteria for protecting wildlife and their 
refuge habitat. " 

In  November of 1988. EPA.'s En9ironmenta.l 
Research Laboratory in Corvallis sponsored a 
works hop en titled , . W u ~ e r  Qualiry Crirerio To 
Prorecr WiWliJe Resources; (USEPA, 1989g) 
which was co-chaired by EPA and the Fish and 
Wildlife Service (FWS). The workshop brought 
together ' 26 professionals' from a variety of 
institutions, including EPA, FWS, State 
governments, academia, and consultants who had 

expertise in wildlife toxicity, aquatic toxicity, 
ecology, environmental risk assessment, and 
conservation. Efforts at he workshop focused on 
evaluating the need for, and developing a strategy 
for production of wildlife criteria. Two 
recommendations came out of that workshop: 

(1) The process by which ambient 
water quality criteria are 
established should be modified to 
consider effects on wildlife; and 

(2) chemicals should be prioritized 
based on ,  their potential to 
adversely impact wildlife species. 

Based on the wdrhhop recommendations, 
screening level wildlife criteria (SLWC) were 
calculated for priority pollutants and chemicals of 
concern submitted by the FWS to gauge the extent 
of the problem by: 

( 1 ) evaluating whether existing water 
quality criteria for aquatic life are 
protective bf wildlife, and 

, . .  

(2) prioriti'zing chemicals for their potential 
to adversely impact wildlife species. 

There were 82 chern;cals for which EPA had the 
necessary toxicity information as well as ambient 
water quality criteria, advisories, or lowest- 
observed-adverse-effkct levels (LOAELs) to 
compare with the SLWC values. As would be 
expected, the majority of chemicals had SLWC 
larger than existing water quality criteria, 
advisories, or LOAELs for aquatic life. 
However, the screen identified classes of 
compounds for which currenr ambient water 
quality criteria may not be adequately protective 
of wildlife: chlorinated alkanes, benzenes, 
phenols, metals, DDT, and dioxins, hlany of 
these compounds are produced i n  very large 
amounts and have a variety of uses ( r .g . ,  
solvents, flame retardants. organic syntheses of 
fungicides and herbicides, and manufacture of 
plastics.and textiles. The manufacture and use of 
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Methodology for Developing Sedimenl-. 
Cderio for Metal Contaminants .' 

EPA is proceeding to develop a methodology for 
calculating sediment criteria for benthic toxicity to 
metal contaminants, with key work focused on 
identifying and understanding the role of acid 
volatile sulfides (AVS), and other binding factors, 
in controlling the bioavailability of metal 
contaminants. A variety of field and laboratory 
verification studies are under way to add 
additional support to the methodology. Standard 
AVS Sampling and analytical procedures are 
under development. Presentation of the metals 
methodology to the SAB for review is anticipated 
for Fall 1994. 

Biological Approach to Sediment Criteria 
Developm en! 

Under the Contaminated Sediment Management 
Strategy, EPA programs have committed to using 
consistent biological methods to determine i f  
sediments are contaminated. In the water 
program, these biological methods will be used as 
a complement to the sediment-chemical criteria 
under development. The biological methods 
consist of both  toxicity and bioaccumulation tests. 
Freshwater and saltwater benthic species, selected 
to represent the sensitive range of species' 
responses to toxicity, are used in toxicity tests to 
measure sediment toxicity. Insensitive freshwater 
and saltwater benthic species that form the base of 
the food chain are used in toxicity tests to 
measure the bioaccumulation potential of 
sediment. In  F Y  1994, acute toxicity tests and 
bioaccumulation tests selected by all the Agency 
programs should be standardized and available for 
use. Training for States and EPA Regions on 
these methods is expected to begin in FY 1995. 

In the next few years, research will be conducted 
to develop standardized chronic toxicity tests for 
sediment as well as toxicity identification 
evaluation (TIE) methods. The TIE approach will 
be used to identify the specific chemicals in a 
sediment causing acute or chronic toxicity in the 
test organisms. Under the Contaminated 

Sediment Management Strategy. EI'A's prograrns 
have also agreed to incop~rate thcse chronic. 
toxicity and, TIE methods into thcir xdirncnt 
testing when they are ,available. 

3.5.5 Wildlife Criteria 

Terrestrial and avian spcc~cs arc useful as 
sentinels for the hea l th  of' thc ecosystcnl as a 
whole. In many cases, damage to wildlife 
indicates that the ecosystem ~tseli is damagtd. 
Many wildlife species that are heavily depcndcnt 
on the aquatic food web rcflcc.1 thc h a l t h  of 
aquatic systems. In the case of toxic chemicals. 
terminal predators such as otter. mink, pulls. 
terns, eagles. ospreys, and tunlcs arc u x f u l  as 
integrative indicators of the status or hciilth of thc 
ecosystem. 

Statutory and Regulatory Authority 

Section 101(a)(2) of the CWA scts. as an interim 
goal of, 

. . . wherever attainable . . . water 
quality' which provides for the 
protection and propapalion of fish, 
shellfish. and wildlife . . . (cnlphasis 
added). 

Section 304(a)(l) of ihe'Act also 'rcquircs Iil'A to: 

. . . develop and publish . . . criteria for 
water quality accurately reflecting . . . the 
kind and extent of all identifiable effects on 
health and welfare including . . . wildlife, 

The Water Quality Standards Rtgulatibn reflect 
the statutory goals and requirements 1,. requiring 
States to adopt, where attainable. the CWA 
section 101(a)(2) goal uses of protection and 
propagation of fish. shellfish. and wildlife (40 
CFR 131. lo),  and to adopt water quality criteria 
sufficient to protect the designated use (40 CfrK 
131.11). 
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several contaminants in the sediments may be of - impacts of . ;deposi[ing contaminated 
concern. 

Additional testing in other tiers of an evaluation 
approach, such astoxicity tests, could be required 
to determine if  the sediment is safe. I t  is likely 
that such testing would incorporate site-specific 
considerations. Examples of specific applications 
of sediment criteria after they are developed 
include the following: 

Establish permit limits for point sources to 
,ensure that uncontaminated sediments remain 
uncontaminated or sedimerits ' already 
corhminated have an opportunity to cleanse 
themwlves. Of course, this would occur 
only after criteria and the means to tie point 
sources to sediment contamination are 
developed. 

Establish target levels for nonpoint sources 
of sediment contamination. 1 

For remediation 'activities, SQC ' would be 
valuable i n  identifying: 

I 

- ,need for remediation. 

. - spatial extent of remediation area. 

benefits derived from remediation 
activities, 

1 

- responsible parties, 

sediments in water environments, and 

- success of remediation activities. 

In tiered testing sediment evaluation processes, 
'sediment criteria and biological testing procedures 
work very well together. 

Sediment Criteria Status 

Science Advisory Board Review 

The Science Advisory Board has completed a 
second review of the EqP approach to dcriving 
sediment quality criteria fo i '  ' ;;o;-ionic 
contaminants. The November 1992 repon 
(USEPA, 1992c) endorses the EqP approach to 
deriving criteria as ": . . sufficiently valid to be 
used in the regulatory process if the uncertainty 
associated wirh the method is considered, 
described, and incorporated," and that "EPA 
should . . . establish criteria on the basis of 
present knowledge within the bounds of 
uncertainty. . . ." 

The Science Advisory b a r d  also identified the 
need for ". . . a better understanding of the 
uncertainty around the assumptions inherent i n  the 
approach, including assumptions of equilibrium, 
bioavailability, and kinetics, all critical 10 the 
application of the EqP." 

Sediment Criteria Documents and 
Applicm'on Guidance 

EPA efforts at producing sediment criteria 
documents are being directed first toward 
phenanthrene, fluoranthene, d i e l d r ~ n ,  
acenaphfhene, and endrin. Effons are also being 
directed towards producing a gu~dancc docu~iicnt 
on the derivation and interpretation of sediment 
quality criteria. The criteria documents were 
announced in the FederuI Re~isfer  in January 
1994; the public comment period ended June 
1994. Final documents and ~mplemcntation 
guidance should be available in early 1996. 



predict potential biological effects. In addition to 
the development of sediment criteria, EPA is also 
working to develop a standardized sediment 
toxicity test that could be used with or 
independently of sediment criteria to assess 
chroni6 effects in fresh and marine waters. 

Equilibrium Partihbning (EqP) Sediment 
Quality Criteria (SQC) are the U.S. 
Environmental Rvtection Agency's best 
recommendation of the concentmtion of a 
substance in sediment that will not 
unacceptably sect benthic organisms or 
their uses. 

Methodologies for deriving effects-based SQC 
vary for different classes of compounds. For 
non-ionic organic chemicals, the methodology 
requires normalization to organic carbon. A 
methodology for deriving effects-based sediment 
criteria for metal contaminants is under 
development and is expected to require 
normalization to acid volatile sulfide. EqP SQC 
values can be derived for varying degrees of 
uncertainty and levels of protection, thus 
permitting use for ecosystem protection and 
remedial programs. 

Application of Sediment Criteria 

SQC would provide a basis for making more 
informed decisions on the environmental impacts 
of contaminated sediments. Existing sediment 
assessment methodologies are limited in their 
ability to identify chemicals of concern, 
responsible parties, degree of contamination, and 
zones of impact. To make the most informed 
decisions, EPA believes that a comprehensive 
approach using SQC and biological test methods 
is preferred. 

Sediment criteria will be particularly valuable in 
site-monitoring applications where sediment 
contaminant concentrations are gradually 
approaching a criterion over time or as a 
preventive tool to ensure that point and nonpoint 
sources of contamination are controlled and that 
uncontaminated sediments remain uncontaminated. 

Also comparison of field measurements to 
sediment criteria will be a reliable method for 
providing early warning of a potential problem. 
An early warning would provide an opportunity to 
take corrective action before adverse impacts 
occur. For the reasons mentioned above, i t  has 
been identified that SQC are essential to resolving 
key contaminated sediment and source control 
issues in the Great Lakes. 

Specfic Applications . 

Specific applications of sediment criteria are 
under development. The primary use of EqP- 
based sediment criteria will be to assess risks 
associated with contaminants i n  sediments. The 
various offices and programs concerned with 
contaminated sediment have different regulatory 
mandates and, thus, have different necds and 
areas for potential application of sediment criteria. 
Because each regulatory need is different, EqP- 
based sediment quality criteria designed 
specifically to meet the needs of one office or 
program may have to be irnplernented i n  different 
ways to meet the needs of another office or 
program. -, 

One mode of application of QP-based numerical 
sediment quality criteria would he in a tiered 
approach. In such an application, when 
contaminants in sediments excced the sediment 
quality criteria the sediments would be considered 
as causing unacceptable impacts. Further testing 
may or may not be required depending on site- 
specific conditions and the degree i n  which a 
criterion has been violated. ( I n  locations where 
contamination significantly exceeds a criterion, no 
additional testing would be required. Where 
sediment contaminant levels are close to a 
criterion, additional testing might be necessary.) 
Contaminants in a sediment at concentrations less 

than the sediment criterion would not be of 
concern. However, in some cases the sediment 
could not be considered safe because i t  might 
.contain other contaminants above safe levels for 
which no sediment criteria exist. In addition, the 
synergistic, antagonistic, or additive effects of 
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appropriate biological components and 
measurement indices. The development and 
implementation of biological criteria requires: 

selection of surface waters to use in 
developing reference conditions for each 
designated use; 

measurement of the structure and function of '  
aquatic communities in reference .surface 
waters to establish biological criteria; 

measurement of the physical habitat and 
other environmental characteristics of the 
water resource; and 

establishment of a protocol to compare the 
biological criteria to biota in comparable test 
waters to determine whether impairment has 
occurred. 

These elements serve as an interactive network ' 

that is particularly important during early 
development of biological criteria where rapid 
accumulation of information is effective for 
refining both designated uses and developing 
biological criteria values and the supporting 
biological monitoring and assessment tbhniques. 

3.5.4 Sediment Criteria 

While ambient water quality criteria are playing 
an important role , in  'assuring a healthy .aquatic 
environment, they alone have not been. sufficient 
to enswe appropriate levels of environmental 
protection. Sediment contamination, which can 
involve deposition of toxicants over long periods 
of time, is responsible for water quality impacts 
in some areas. 

EPA has authority to pursue the development of 
sediment criteria in streams, lakes and other 
waters of the United States under sections 104 and 
304(a)(l) and (2) of the CWA as follows: 

.. section 1 0 4 ( n ) ( l )  authorizes the 
Administrator to establish national programs 

that study the effects of pollution, including 
sedimentation, i n  estuaries on aquatic life; 

section 304(a)(l) directs the Administrator to 
develop and publish criteria for water 
'quality, including information on the factors 
affecting rates of organic and inorganic 
sedimentation for varying types of receiving 
waters; 

section 304(a)(2)ldirects the Administrator to 
develop and publish information on, among 
other issues, "the factors necessary for the 
protection and popagation of shellfish. Rsh, 
and wildlife for classes and categories of 
receiving waters. . . ." 

To the extent that sediment criteria could be 
developed that address the concerns of the section 
40h(b)(l) Guidelines for discharges of dredged or 
fill material under the CWA or the Marine 
Protection, Research, and Sanctuaries Act, they 
could also be incorporated into those regulations. 

-A's current sediment criteria development 
effort, as dekribed below, focuses on criteria for 
the protection of aquatic life. EPA anticipates 
potential future expbsion of this effon to include 
sediment criteria for the protection of human 
health. 

' . Chemical' Approach to Sediment Criteria 
Development 

Over the past severdl years, sediment crlteria 
development activities have centered on evaluating 
and developing the Equilibrium Partillonlng 
Approach for generating sediment criteria. The 
Equilibrium Partitioning Approach focuses on 
predicting the chemical interaction between 
sediments and contaminants. Developing an 
understanding of the principal factors that 
influence the sedimentlcontaminant interactions 
will allow predictions to be made regarding the 
level of contaminant concentration that benthic 
and other organisms may be exposed to. Chronic 
water quality criteria, or possibly other 
toxicological endpoints, can then be used to 



methods when numerical criteria are not 
established. 

Section 304(a) directs EPA to develop and publish 
water quality criteria and information on methods 
for measuring water quality and establishing water 
quality criteria for toxic kllutants on bases other 
than pollutant-by -pollu@nt, ',including biological 
monitoring and assessment methods that assess: 

the effects of pollu'tants on aquatic 
community components (". . . plankton, 
fish, shellfish, wildlife, plant life . . .") and 
community attributes (", . . biological 
community diversity, productivity, and 
stability . . .") in any body of water; and 

factors necessary " . . . to restore and 
maintain the chemical, physical, and 
biological integrity of all navigable waters . 
. . "  for " . . . the protection of 'shellfish, 
fish, and wildlife for classes and categories ' 

of receiving 'waters . . . ." 

Once biocriteria are formally adopted into State 
standards, biocriteria and aquatic life use 
designations serve as direct, legal endpoints for 
determining aquatic life use attainment/non- 
attainment. CWA section 303(c) (2)(B) provides 
that when nunleric criteria are not available, 
States shall, adopt criteria for toxics based dn 
biological monitoring or assessment methods; 
biocriteria can hc used to meet this requirement. 

Development and Implementation of 
Biocriteria 

Biocriteria are numerical values or narrative 
expressions that describe the expected reference 
biological integrity of aquatic communities 
inhabiting waters of a designated aquatic life use. 
In the most desirable scenario. these would be 
waters that are either in  pristine condition or 
minimally impaired. However, in some areas 
these conditions no longer exist and may not be 
attainable. I n  these situations, the reference 
biological commllnities represent the best 
attainable conditions. I n  either case, the reference 

conditions then become the basis for developing 
biocriteria for major surface water typs  (streams, 
rivers, lakes. wetlands, estuaries, or marine 
waters). 

Biological criteria support designated aquatic life 
use classifications for application in State 
standards (see chapter 2) .  Each State develops its 
own designated use classification system based on 
the generic uses cited i n  the Act (e.g., protection 
and propagation of fish, shellfish, and wildlife). 
Designated uses are intentionally general. 
However, Statcs rnay develop subcategories 
within use dcsignations to refine and clarify the 
use class. Clarification of the use class is 
particularly helpful when a variety of surface 
waters with distinct characteristics fit within the 
same use class, or do not f i t  well into any 
category. 

For example, subcategories of aquatic life uses 
may be on the basis of attainable habitat (e.g., 
coldwater versus warmwater stream systems as 
represented by distinctive trout or bass fish 
communities, respectively). Special uses may 
also be designated to protect particularly unique, 
sensitive, or valuable aquatic species. 
communities, or habitats. 

Resident biota integrate multiple impacts over 
time and can detect impairment fro111 known and 
unknown causes. Biological criteria can be used 
to verify improvement in water quality i n  
response to regulatory and other improvement 
efforts and to detect new or continuing 
degradation of waters. Biological criteria also 
provide a framework for developing improved 
best management practices and management 
measurcs 'for nonpoint source impacts. Numeric 
biological criteria can provide effective 
monitoring criteria for more be fini tive evaluation 
of the health of an aquatic ecosystenl. 

The assessment of the biological integrity of a 
water body should include mcasurcs of the 
structure. and function of the aquatic community 
within a specified habitat. Expcrt knowledge of 
the system is required for the selection of 
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program). Implementation procedures must also 
address State programs to control whole-effluent 
toxicity (WET) and may address programs to 
implement biological criteria, where such 
programs have been developed by the State. 
Implementation procedures therefore serve as 
umbrella documents that dexribe how the State's 
various toxics control programs are integrated to 
ensure adequate protection for aquatic life and 
human health and attainment of the ,narrative 
toxics criterion. In  essence, the procedure should 
apply the "independent. application" principle, 
which provides for independent evaluations of 
attainment of a designated use based on chemical- 
specific, whole-effluent toxicity, and biological 
criteria methods (see section 3.s.3 and 
Appendices C. K;and R).  

EPA encourages, and may ultimately require, 
State implementation procedures to provide for 
implementation of biological criteria. However, 
rhc regulatory basis for requiring whole-effluent 
toxic~ty (WET) controls is clear. EPA regulations 
at 40 CFR 122.44(d)(l)(v) require NPDES 
permits to contaln WET limits where a permittee 
has been shown to cause, have the reasonable 
potential to cause, or contribute to an ~n-stream 
excursion of a narrative criterion. Implementation 
of chemical-specific controls is also requ~red by 
EPA regulations at 40 CFR 122.44(d)(I). State 
implcmcntation procedures should, at a minimum, 
s p c ~ f y  or refercnce methods to be used i n  
irnplemenringchemical-spificand whole-effluent 
tox~c~ty-based controls, explain how these 
mcthtds are integrated. and specify needed 
appl~cation criteria. 

In addition to EPA's regulation at 40 CFR 131, 
EPA has regulations at 40 CFR 122.44;that cover 
the National Surface Water Toxics Control 
Program. These regula~ions are intrinsically 
linked to the requirements to achieve water 
quality standards, 'and specifically address the 
control of pollutants both with and without 
numeric criteria. For example, section 
1 ?Z.JS(d)( l)(vi) provides the permitting authority 
with several options for establishing effluent limits 
when a State does not have a chemical-specific 

numeric criterion for ' a  pollutant present in an .. 

effluent at a concentration that causes or 
contributes to a violation of the State's narrative 
criteria. 

3.5.3 Biological Criteria 

The Clean Water Act of 1972 directs EPA to 
develop programs that will evaluate, restore, and 
maintain the chemical, physical, and biological 
integrity of the Nation's waters. In response to 
this directive, States and EPA have implemented 
chemically based water quality programs that 
address significant water pollution problems. 
However, over the past 20 years, it has become 
apparent that these programs alone cannot identify 
and address all surface water pollution problems. 
To help create a more comprehensive program, 
EPA is setting a priority for the development of 
biological criteria as pan of State water quality 
standards. This effort will help States and EPA 
( 1 )  achieve the biological integrity objectlve of the 
CWA set forth in section 101, and (2) comply 
with the statutory requirements under sections 303 
and 304 of the Act (see Appendices C and K). 

Regulatory Bases for Biocriteria 

Thc primary statutory basis for EPA's policy that 
States should develop biocriteria is found in 
sections lOl(a) and 303(c)(2)(B) of the Clean 
Water Act. Section 101(a) of the CWA gives the 
general goal of biologikal criteria. It establishes 
as the objective of the Act the restoration and 
maintenance of the chemical, physical, and 
biological integrity of the Nation's waters. To 
meet this objective, water quality criteria should 
address biological integrity. Section 101(a) 
includes the interim water quality goal for the 
protection and propagation of fish, shellfish. and 
wildlife. 

Section 304(a) of the Act provides the legal basis 
for the development of informational criteria, 
including biological' criteria. Specific directives 
for the development of regulatory biocriteria can 
bc found in section 303(c), which requires EPA to 
develop criteria based on biological assessment 
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State implementation procedures for narrative toxics criteria should describe the following: 

Specific, scientifically defensible methods by which the State will implement its nanative 
toxics standard for all toxicants, including: 

- methods for chemical-specific criteria, including methods for applying chemical-specific, 
criteria in permits, developing or modifying chemical-specific criteria via a 'translator 
procedure" (defined and discussed below); and calculating site-specific criteria based 
on local water chemistry or biology); 

- methods for developing and implementing wholeeffluent toxicity criteria and/or 
controls; and 

- .methods for developing and implementing biological criteria. 

How these methods will be integrated in the State's toxics control program (i.e., how the 
State will proceed when the specified methods produce conflicting or inconsistent results). 

Application criteria and information needed to apply numerical criteria, for example: 

- methods the State will use to identify those pollutants to 'be regulated in a specific. 
discharge; 

- an incremental cancer risk level for carcinogens: 

- methods for identifying compliance thresholds in permits where calculated limits are 
below detection; 

- methods for selecting appropriate hardness, pH, and temperature variables for criteria 
expressed as functions; 

- methods or policies controlling the size and in-zone quality of mixing zones; 

- design flows to be used in translating chemical-specific numeric criteria for aquatic life 
and human health into permit limits; and 

- other methods and information needed to apply standards on a case-by-case basis. 

Exhibit 3-3. Components of a State Implementation Procedure for Narrative Toxics Criteria 
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3.5.1 Numeric Criteria 

Numeric criteria are required where necessary to 
protect designated uses. Numeric criteria to 
protect aquatic life should be developed to address 
both short-term (acute) and long-term (chronic) 
effects. Saltwater) species, as well as freshwater 
species, must be adequately protected. Adoption 
of numeric criteria is particularly important for 
toxicants known to be impairing surface waters 
and for toxicants with potential human health 
impacts (e.g., those with high bioaccumulation 
potential). Human health should be protected 
from exposure resulting from consumption of 
water and fish or other aquatic life (e.g., mussels, 
crayfish). Numeric water quality criteria also are 
useful in addressing nonpoint source pollution 
problems. 

In evaluating whether chemical-specific numeric 
criteria for toxicants that are a priority toxic 
pollutants are required, States should consider 
whether other approaches (such as whole-effluent 
toxicity criteria or biological controls) will ensure 
full protection of designated uses. As mentioned 
above, a combination of independent approaches 
may be required in some cases to support the 
designated uses and comply with the requirements 
of the Water Quality Standards Regulation (e.g., 
pollutants where bioaccumulation in fish tissue or 
water consumption by humans is a primary 
concern). 

3.5.2 Narrative Criteria 

To supplement numeric criteria for toxicants, all 
States have also adopted narrative criteria for 
toxicants. Such narrative criteria are statements 
that describe the desircd water quality goal, such 
as t h e  following: 

All waters, including those within 
mixing zones, shall be free from 
substances attributable to wastewater 
discharges or other pollutant sources 
that: 

(1)  Settle to form objectional 
deposits; 

(2) Float a s  debris, scum, oil, or 
other matter forming nuisances; 

(3) Produce objectionable color, odor. 
taste, or turbidity; 

(4) Cause injury to, or are toxic to, 
or produce adverse physiological 
responses in humans, animals, or 
plants; or 

(5) Produce undesirable -or nuisance a 

aquatic life (54 F.R. 28ti27. Ju ly  
6, 1989). 

EPA considers that the narrative criteria apply to 
all designated uses at all flows and are necessary 
to meet the statutory requirements of section 
303(c)(2)(A) of the CWA. 

Narrative toxic criteria (No. 4,  above) can be the 
basis for establishing chemical-specific limits for 
waste discharges where a specific pollutant can be 
identified as causing or contributing to the toxicity 
and the State has not adopted chemical-specific 
numeric criteria. Narrative toxic criteria are cited 
as a basis for establishing whole-effluent toxicity 
controls i n  €PA permitting regulations at 40 CFR 
122.44(d)( l )(v). 

To ensure that narrative criteria for toxicants are 
attained, the Water Quality Standards Regulation 
requires States to develop implementation 
procedures (a 40 CFR 131.11(a)(2)). Such 
implementation procedures (Exhibit 3-3) should 
address all mechanisms to be used by the State to 
ensure that narrative criteria are attained. 
k a u s e  implementation of chemical-specific 
numeric criteria is a key component of State 
toxics control programs, narrative criteria 
implementation procedures must describe or 
reference the State's procedures 10 in~plement 
such chemical-specific numeric criteria (e.g.,  
procedures for establishing chemical-specific 
permit limits under the NPDES permitting 



States should also considcr developing. protocols 
to derive and atlopt niirncric criteria for priority 
toxic pollutanls (or otllcr plllutants) where EPA 
has not issued sectiun ZWa)  criteria guidance. 
The State . should considcr available laboratory 
toxicity test data that nlay bc sufficient to support 
deriva~ion o i  chcrnical-sptki'fic criteria. Existing 
data nwd n(;t be as coihprehensive as that 
required to n1cc.t IYA's 1985 guidelines in order 
for a State to use ils own protocols to derive 
criteria. I3PA has clescribcd such protocols in the 
p r o p o d  W1uc.r Qltcrli/js (;UI'(I(III(-Y JI)r the Greur 
Luke.~ S~srtvr~ ( 5 8  1:. K .  20892. at 2 1016, April 16, 
1993.) This is particularly important where other 
components of a Sl.ilc's narrative criterion 
implementation p r t ~ c d ~ r e  (rt.g., WET controls or 
biological c'riieria) rnay not ensure ful l  protection 
of designated uscs. I:or some pollutants, a 
combinarion of chcrnical-spttci fic and other 
approaches is ncccssary (e. g . , pollutants where 
bioaccumulaticln in fish tissue or water 
consumption by hu~nans is"a primary concern). 

Biologically based monitoring or assessment 
methods serve as the basis for control where no 
specific numeric critrtria exist or where calculation 
or applica~ion of pollutant-by-pollutant criteria 
appears inl'casiblc. . Also, these methods niay 
serve as a supplcnlcntal measurement of 
attainment of watcr quality standards i n  addition 
to nun~cric and narrative criteria. The 
requirement for both numeric criteria and 
biologically based mrttlitds demonstrates that 
.section 303(c)(2 ) ( H )  contemplates that States 
develop a cornprchcnsi\.c loxics control program 
regardless of the status of I3PA.s section 304(a) 
criteria. 

The whole-efllurnt toxicity (WET) testing 
procedure is the princ~pal biological monitoring 
guidance developed by EPA to date. The purpose 
of the WET procedure is to control point source 
dischargers of toxic pollutants. The procedure is 
particularly uscful for nlonitoring and controlling 
the toxicity of coniplrx effluents that may not be 
well controlled through chemical-specific numeric 
criteria. As such, biologically based. effluent 
testing prt~cdurcs arc a necessary component of 

a State's toxics control program under section 
303(c)(2)(B) ,and a principal nlcans for 
implementing a State's narrative "free from 
toxics" . standard. 

Guidance documents EPA considers to serve the 
purpose of section 304(a)(8) include the T~c,hnicul 
Suppon Docunenr f i r  Wuter Quulity-hustd Toxitx 
Control (USEPA,' 199 1 a; Guidr1inr.s j r r  Derirlink 
Nationul W u t ~ r  Quulir), Criteriu,fi)r tllr Prorecrion 
rf Ayuuric Or#unisrns utul Their Uses (Appendix 
H ) ;  Guidelines uncl Merhodo1og.v Uscd in the 
Preparaion of Health Eflect As.ses.~n~(~rrI Chapters 
of the Consent Decree Water Criteriu L1ocumenr.r 
(Appendix J ) ;  Methods f i r  Meu~ur in~  Acute 
Toxiciry of Efluenrs ro Fresh,vuter ur~d mar in^ 
Or#unisms (USEPA, 1 99 1 d) ; Shon- Terin M ~ r h d s  

j?)r Esrimating rhe Chronic. To.ririry r ! f  Eflutnts 
und Recsei,dnx Wurers to Frc~.vll,rwtr~r Or~ur~isrns 
(USEPA, 199 le); and Shon-Tt1n?l MrtlrtxlJ' /oi. 
Estimuring rhe Chronic. Toxic.ity of Eflupnts and 
Rereiring ~ u t e r . ~  to Murin~ und Evtuan'ne 
Or#unism ( USEPA, 199 1 f )  . 

3.4.2 Criteria for Nonconventional Pollutants 

Criteria requirements applicable to toxicants that 
are not priority toxic pollutants (e.g.. ammonia 
and chlorine), are specified in thc 1983 Water 
Quality Standards Regulation (her 40 CFR 
131.1 I). Under these requirements. States must 
adopt criteria based on sound scientific rationale 
that cover sufficient parameters to protect 
designated uses. Both numeri; and narrative 
criteria (discussed in sections 3.5.1 and 3 .5 .2 ,  
below) may be applied to meet these 
requirements. 

13' Fo- of Criteria 

States are required to adopt water quality criteria, 
based on sound xienti fic rationale, that contain 
sufficient parameters or constituents to protect the 
.designated use. EPA believes that an effective 
State water quality standards program should 
include both parameter-specific (e.g., ambient 
numeric criteria) and narrative approaches. 
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numeric criterion even though i t  is not being 
adopted directly as a water quality standard. 

A State can satisfy the need to provide an 
opportunity for public participation i n  the 
development of derived numeric criteria in several 
ways, including: 

a specific hearing on the derived numeric 
criterion; 

the opportunity for a public hearing on an 
NPDES permits as long as public notice is 
given that a criterion for a toxic pollutant as 
part of the permit issuance is being 
contemplated; or 

a hearing coincidental with any other hearing 
as long as it is made clear that development 
of a specific criterion is also being 
undertaken. 

For example, as States develop their lists and 
individual control strategies (ICSs) under section 
304(1), they may seek full public participation. 
NPDES regulations also specify public 
participation requirements related to State permit 
issuance. Finally, States have public participation 
requirements associated with Water Quality 
Management Plan updates. States may take 
advantage of any of these public participation 
requirements to fulfill the requirement for public 
review of any resulting derived numeric criteria. 
In such cases, the State must give prior notice that 
development of such criteria is under 
consideration. 

(4) ' The Procedure Must Be Formally Adopted 
and Mandatory 

Where a State elects to supplement its narrative 
criterion with an accompanying , implementing 
procedure, it must formally adopt such a 

, procedure as a part of its water quality standards. 
The procedure must' be used by th; State to 
calculate derived numeric criteria that will be used 
as the basis for all standards' purposes, including 
the following: developing TMDLs, WLAs, and 

limits in NPDES permits; determining whether 
water use designations are being met; and 
identifying potential nonpoi'nt source pollulion 
problems. 

(5) The Rocedum Must Be Approved by EPA 
as Part of the State's Water Quality 
Standards Regulation 

To be consistent with the requirements of the Act, 
the Stag's procedure to be applied to the narrative 
criterion must be submitted to EPA for review 
and approval, and will become a part of the 
State's water quality standards. (See 40 CFR 
13 1.2 1 for further discussion.) This requirement 
may& satisfied by a reference i n  the,standards to 
the procedure, which may be contained in another 
docliment, which has legal effect and is binding 
on the State, and all the requirements for public 
review, State implementation, and €PA review 
and approval are satisfied. 

Criteria Based ,on ~ i o l o ~ i c a l  Monitoring 

For priority toxic pollutants for which EPA has 
not issued section 304(a)( 1 ) criteria guidance, 
CWA section 303(c)(2)(B) requires States to adopt 
criteria based on biological monitoring or 
assessment methods. The phrase "biological 
monitoring or assessment methods" includes: 

whole-effluent toxicity control methods; 

biological criteria methods; or 

other methods based on biological 
monitoring or assessment. 

The phrase "biological monitoring or assessment 
methods" in its broadest sense also includes 
criteria developed through translator procedures. 
This broad interpretation of that phrase is 
consistent with EPA's policy of applying 
chemical-specific, biological, and whole-effluent 
toxicity methods independently in an integrated 
toxics control program. It is also consistent with 
the intent of Congress to expand State standards 
programs beyond chemical-specific approaches. 
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when dealing with either threshold (toxic) or non- 
threshold (carcinogenic) compounds. The State 
should describe the species and the minimum 
number of tests, which may generally be met by 
a single mammalian chronic test.if it is of good 
quality and i,f the weight of evidence indicates that 
the results are reasonable. The State should 
provide the method to calculate a derived numeric 
criterion from the appropriate test result. 

Both the threshold and non-threshold criteria for 
protecting human health shbld contain exposure 
assumptions, and the State procedure should be 
used to calculate derived numeric criteria that 
address the consumption of water, consumption of 
fish, and combined consumption of both water 
and fish. The State should provide the 
assumptions regarding the amount of fish and the 
quantity of water consumed per person per day, 
as well as the rationale used to select the 
assumptions. It needs to include the number of 
tests, the species necessary to establish a dose- 
response relationship, and the procedure to be 
used to calculate the derived numeric criteria. 
For non-threshold contaminants, the State should 
specify the model used to extrapolate to low dose 
and the risk level. I t  should also address 
incidental exposure from other water sources 
(e.g., swimming). When calculating derived 
numeric criteria for multiple exposure to 
pollutants. the State should consider additive 
effects, especially for carcinogenic substances, 
and should factor in the contribution to the daily 
intake of toxicants from other sources (e.g., food, 
air) when data are available. 

(2) The State Must Demonstrate That the 
Procedure Results in Derived Numeric 
Criteria Are Protective 

and experience it has gained in developing Mion  
304(a). criteria for toxic pollutants by application 
of its own translator method (USEPA, 1980b; 
USEPA, 1985b). 

Once EPA has approved the State's procedure, 
the ~ ~ e n c ~ ' s  review of derived numeric criteria, 
for example, for pollutants other than section 
307(a) toxic pollutants resulting from%the State's 
procedure, will focus on the adequacy of the data 
base isather than the cdculation method. EPA 
also encourages States to apply such a procedure 
to calculate derived numeric criteria to be used as 
the basis for deriving permit limitations for 
nonconventional pollutants [hat also cause 
toxicity. 

. . 

(3) The State Must Provide Full Opportunity 
for Public Participation in Adoption of the 
Procedure 

The Water Quality Standards Regulation requires 
States to hold public hearings to review and revise 
water quality standards in accordance with 
provisions of State law and EPA's Public 
Participation Regulation (40 CFR 25). Where a 
State plans to adopt a procedure to be applied to 
the narrative criterion. it must provide full 
opportunity for public participation ' in the 
development and adoption of the procedure as part 
of the State's water quality standards. 

While it is not necessary for the State to adopt 
each derived numeric criterion into its water 
quality standards and submit i t  to EPA for review 
and approval, EPA is very con'cerned that all 
affected parties have adequate opportunity to 
participate in the development of a derived 

The State needs to demonstrate that its procedures 
for developing criteria, including translator 
methods, yield fully protective criteria for human 
health and for aquatic life. EPA's review process 
will proceed according to EPA's regulation of 40 
CFR.13 1 .1  1 ,  which requires that criteria be based 
on sound scientific rationale and be protective of 
all designated uses. EPA will use the expertise 



(1) The Option 3 Prucedure Must Be Used To 
Calculate Derived Numeric Water Quality 
Criteria 

States must adopt a specific procedure to be 
applied to a narrative water q d i t y  crikrion. To 
satisfy section 303(c)(2)(B), this procedure shall 
be used by the State in calculating derived 
numeric criteria, which shall be used for all 
purposes under section 303(c) of the CWA. Such 
criteria need to be developed for section 307(a) 
toxic pollutants as necessary to support designated 
uses, where these pollutants are discharged or are 
present in the affected waters and, could 
reasonably be expected to interfere with the 
designated uses. 

To ?sure protection from short-term exposures, 
the State procedure should ensure development of 
derived numeric water quality criteria based on 
valid acute aquatic toxicity tests that are lethal to 
half the affected organisms (LC50) for the species 
representative of or similar to those found in the 
State. In addition, the State procedure should 
ensure development of derived numeric water 
quality criteria for protection from chronic 
exposure by using an appropriate safety factor 
applicable to this acute limit. If there are 
saltwater components to the State's aquatic 
resources, the State should establish appropriate 
derived numeric 'criteria for saltwater in addition 
to those for freshwater. 

The State's documentation of the tests should 
include a detailed discussion of its quality control 
and quality assurance procedures. The State 
should also include a description (or reference 
existing technical agreements with EPA) of the 
procedure it  will use to calculate derived acute 
and chronic numeric criteria from the test data, 
and how these derived criteria will be used as the 
basis for deriving appropriate TMDLs, WLAs, 
and NPDES permit limits. 

As discussed above, the procedure for calculating' 
derived numeric criteria needs to protect aquatic 
life from both acute and chronic 'exposure to 
speci'fic chemicals. Chronic aquatic life criteria 

are to bc met 11 the, edge of the mixing lone. 
The acute criteria ark to be met (1) at the end-of- 
pipe if mixing is not' rapid and complete and a 
high rate diffuser is not present; or (2) after 
mixing if mixing is rapid and complete or a high 
rate diffuser .is present., (See EPA's Technical 
Support Docwnetu for Water Quality-bused Toxics 
Conmml, USEPA 199'la.) 

EPA has not established a national policy 
specifying the pointlof application in the receiving 
water to be used ,with human health criteria. 
However, EPA has approved State standards that 
apply human health criteria. for fish consumption 
at the mixing mne':boundary"and/or apply the 
criteria for drinking water consumption, at a 
minimum, at the point of use. EPA has also 

more stringent requirements for the 
application of human health criteria for highly 
bioaccumulative pollutants in the Wafer Quality 
guidance for rhe Great Lukes System (50 F.R. 
20931, 21035, April 16, 1993) including 
elimination of mixing zones. 

in addition, the State should also include an 
indication of potential bioconcentration or 
bioaccumulation by providing for: 

laboratory tests that measure the steady-state 
bioconcentration rate achieved by a 
susceptible organism; andtor 

field data in which ambient concentrations 
and tissue loads are measured to give an 
appropriate factor. 

In developing a ,procedure to be used in 
calculating derived numeric criteria for the 
protection of aquatic life, the State should 
consider the potential impact that bioconcentration 
has on aquatic and terrestrial food chains. 

The State shoul'd alsq use the derived 
bioconcentration factor and food chain multiplier 
to calculate chronically protective numeric criteria 
for humans that consume aquatic organisms. In 
calculating this derived numeric criterion, the 
State should indicate data requirements to be met 
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adversely affecting designated uses, numeric 
criteria are available for permitting purposes. For 
other situations, the state has the option of 
defining site-specific criteria. 

Adopt a procedure to be applied to the 
narrative water quality standard provision that 
probibits toxicity in receiving waters. Such a 
procedure would be used by. a State in 
calculating derived numeric criteria to be used 
for all purposes of water quality criteria under 
section 303(c) of the CWA. At a minimum 
such criteria need to be derived for section 
307(a) toxic pollutants where the discharge or 
presence of such pollutants in the affected 
waters could reasonably be expected to 
interfere with designated uses, as necessary to 
support such designated uses. 

Pro: 

allows a State flexibility to control priority 
toxic pollutants 

reduces time and cost required to adopt 
specific numeric criteria as water quality 
standards regulations 

allows immediate use of latest scientific 
information available at the time a State 
needs to develop derived numeric criteria 

revisions and additions to derived numeric 
criteria -can be .made without need to revise 
State law 

State can deal more easily with a situation 
where it  did not establish water quality 
standards for the .section 307(a) toxic 
pollutants during the most recent triennial 
review 

State can address problems from non-section. 
307(a) toxic pollutants 

Con: 

EPA is currently on notice that a derived 
numeric criterion may invite legal challenge 

once the necessary procedures are adopted to 
enhance legal defensibility (e.g., appropriate 
scientific methods and public participation 
and review), actual savings in time and costs 
may be less than expected 

public participation in development of 
derived numeric criteria may be limited 
when such criteria are not addressed in a 
hearing on water quality standards 

EPA believes that adoption of a narrative standard 
along with a translator mechanism as part of a 
State's water quality standard satisfies the 
substantive requirements of the statute. These 
criteria are subject to all the State's legal and 
administrative requirements for adoption of 
standards plus review and either approval or 
disapproval by EPA, and result in the 
development of derived numeric criteria for 
specific section 307(a) toxic pollutants. They are 
also subject to an opportunity for public 
participation. Nevertheless, EPA believes the 
most appropriate use of option 3 is as a 
supplement to either option 1 or 2. Thus, a State 
would have formally adopted numeric criteria for 
toxic pollutants that occur frequently; that have 
general applicability statewide for inclusion in 
NPDES permits, total maximum daily loads, and 
waste load allocations; and tha~ also would have 
a sound and predictable method to develop 
additional numeric criteria as needed. This 
combination of options provides a complete 
regulatory scheme. 

Although the approach in option 3 is similar to 
that currently allowed in  the Water Quality 
Standards Regulation (40 CFR 13 1.1 1 (a)(2)), this 
guidance discusses several administrative and 
scientific requirements that EPA believes are 
necessary to comply with section 303(c)(2)(B). 
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Beginning in 1988, EPA provided States with 
candidate lists of priority toxic pollutants and 
water bodies in support of CWA section 304(1) 
implementation. These lists were developed 
because States were required to evaluate existing 
and readily available water-related dad to csmply 
with section'304(1), 40 C,FR 130.10(d). A similar 
"strawman" analysis of priority pollutants 
potentially requiring adoption of numeric criteria 
under section 303(c)(2)(B) was furnished to most 
States in September or October of 1990 for their 
use in ongoing and subsequent triennial reviews. 
The primary differences between the "strawman " 
analysis and the section 304,(1) candidate lists were 
that thk "strawman" analysis ( I )  organized the 
results by chemical rather than by water body, (2) 
,included data for certain. STORET monitoring 
stations that were not used in constructing the 
candidate lists, (3) included data from the Toxics 
Releask Inventory database, and (4)' did not 
include a number of data sources used i n  
preparing the candidate lists (e.g . , those, such as 

' fish kill information, that did not provide 
chemical-spai fic information). 

EPA intends for States, at a minimum, to use the 
information gathered in support of section 304(1) 
requirements as a starting point for identifying ( 1 )  
water segments that will need new andlor revised 
water quality standards for section 307(a) toxic 
pollutants, and (2) which priority toxic pollutants 
require adoption of numeric criteria. In the 
longer term, EPA expects similar determinations 
to occur during each triennial review of water 
quality standards as required by section 303(c). 

In identifying the need for numeric criteria, EPA 
is encouraging States to use information and data 
such as: 

presenck or potential construction of 
facilities that manufacture or use priority 
toxic pollutants; 

ambient water monitoring data; including 
those for sediment and aquatic life (e.g., fish 
tissue data); 

NPDES permit applications and permittee 
self-monitoring reports; 

effluent guideline development documents, 
many of which' contain section .307(a)(l) 
priority pollutant scans; 

pesticide and h'erbicide applicaiion 
information and' othkr records of pesticide or 
herbicide inventories; 

public water supply source monitoring data 
noting pollu,tants with Maximum 
Contaminant Levels (MCLs); and 

. -. 8 .  . . $  ... . 
any other relevant information on toxic 
pollutants collected by Federal, State, 
interstate agencies, academic groups, or 
scientific organizations. 

States are also expected to take into account 
newer information as it became available, such as 
information in annual repons from the Toxic 
Chemical Release inventory requirements of the 
Emergency Planning and Community Right-To- 
Know Act of 1986 (Title 111, Public Law 99-499). 

Where the State's review indicates a reasonable 
expectation of a problem from the discharge or 
presence of toxic pollutants, the State should 
identify the pollutant(s) and' the relevant 
segment(s). In mhing these determinations, 
States should.use their own ~ ~ ~ - a ~ p f o v e d  criteria 
or existing EPA water quality criteria for 
purposes of segment identification. After the 
review, the State may use other means to establish 
the final criterion as itlrevises its standards. 

As with option 1, a State using option 2 must 
follow all' its legal and administrative 
requirements for adoption of water quality 
standards. Since the resulting numeric criteria are 
part of a State's water quality standards,they are 
required to be submitted by the Stite to EPA for 
review and either approval or disapproval. 

EPA believes this option offers the State optimum 
flexibility. For section 307(a) toxic pollu@nts 
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pollutants requiring criteria. This option also 
would not be more costly to dischargers than 
other options h u s e  permit limits would be 
based only on the regulation of the particular 
toxic pollutants in their discharges and not on the 
total listing in the water quality standards. Thus, 
actual permit limits should be the same under any 
of the options. 

The State may also exercise its authority to use 
one or more of the techniques for adjusting water 
quality standards: 

establish or revise designated stream uses 
based on use attainability analyses (see 
section 2.9); 

develop site-specific criteria; or 

allow short-term variances (see section 5.3) 
when appropriate. 

All three of these techniques may apply to 
standards developed under any of the three 
options discussed in this guidance. It is likely 
that States electing to use option 1 will rely more 
on variances because the other two options are 
implemented with more site-specific data being 
available. It should be noted, however, that 
permits issued pursuant to such water quality 
variances still must comply with any applicable 
antidegradation and antibacksliding requirements. 

OPTION 2 

Adopt specific numeric criteria in State'water 
quality standards for section 307(a) toxic 
pollutants as necessary to support designated 
uses where such pollutants are discharged or 
are p m n t  in the affected waters and could 
masonably be expected to interfere with 
designated uses. 

Pro: 

directly reflects statutory requirement 

0 .  standards based on demonstrated .need to 
control problem pollutants 

State can use EPA's section 304(a) national 
criteria recommendations or other 
scientifically acceptable alternative, including 
si te-specific criteria 

State can consider current or potential toxic 
pollutant problems 

State can go beyond section 307(a) toxics 
list, as desired 

Con: 

may be difficult and time consuming to 
determine if, and . which, pollutants ' are 
interfering with the designated use 

,* adoption of standards can require lengthy 
debates on correct criteria limit to be 
included in standards 

successful State toxic control programs based 
on narrative criteria may be halted or slowed 
as the State applies. its limited resources to 

' .  developing ,numeric standards 

difficult to update criteria once. adopted as 
part of standards 

to be absolutely technically defensible, may 
need site-specific criteria in many situations, 
leading to a large workload for regulatory 
agency 

EPA recommends that a State use this option to 
meet the statutory requirement. It directly reflects 
all the Act's requirements and is ,flexible, 
resulting in adoption of numeric water quality 
standards as needed. To assure that the State is 
capable of dealing with'new problems as they 
arise, €PA also reemmends that State's adopt a 
translator procedure the same as, or similar to, 
that described in option 3, but applicable to all 
chemicals causing toxicity and not just priority 
pollutants is the case for option 3. 
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should be used as a surrogate for, or to supersede OPIION 1 
the other. 

Adopt statewide numeric criteria in State water 
State Options quality standards lor all section 307(a) toxic 

I pollutants for which EPA has developed criteria 
States may meet the requirements of CWA section guidance, regardless of whether the pollutants 
303(c)(2)(B) by choosing one of three are known to be present. 
scientifically and technically sound options (or 
some combination thereof): Pro: 

(I) Adopt statewide numeric criteria in State 
water quality standards for all section 307(a) 
toxic pollutants for which EPA has 
developed cri teria guidance, regardless of 
whether the pollutants are known to be 
present ; 

(2) Adopt specific numeric criteria in State 
water quality standards for section 307(a) 
toxic pollutants as necessary to support 
designated uses where such pollutants are 
discharged or are present in the affected 
waters and could reasonably be expected to 
interfere with designated uses; 8 

(3) Adopt a "translator procedure" to be applied 
to a narrative water quality standard 
provision that prohibits toxicity in receiving 
waters. Such a procedure is to be used by 
the State i n  calculating derived numeric 
criteria, which shall be used for all purposes 
under section 303(c) of the CWA. At a 
minimum, such criteria need to be developed 
for section 307(a) toxic pollutants, as 
necessary to support designated uses, where 
these pollutants are discharged or,present in 
the affected waters and could reasonably be 
expected to interfere with designated uses. 

Option 1 is consistent with State authority to 
establish water quality standards. Option 2 most 
directly reflects the CWA requirements and is the 
option recommended by EPA. Option 3, while 
meeting the requirements of the CWA, is best 
suited to supplement numeric criteria from option 
1 or 2. The three options are discussed in more 
detail below. 

simple, straightforward implementation 

ensures.that States will satisfy statute 

, makes maximum uses of , EPA 
recommendations 

gets specific numbers into State water quality 
standards fast, at first 

Con: 

some priority toxic pollutants rnay not be 
, discharged in 'State 

may cause unnksary  monitoring by States ; 

might result in "*per standards" 

Option 1 is within a State's legal authority under 
the CWA to adopt broad water quality standards. 
This option is the most comprehensive approach 
to satisfy the statutory requirements because it  
would include all of the priority toxic pollutants 
for which EPA has prepared section 304(a) 
criteria guidance for either or both aquatic life 
protection and human health protection. In 
addition to a simple adoption of EPA's section 
304(a) guidance as standards, a State must select 
a risk level for those toxic pollutants which are 
carcinogens (i.e., that cause or may cause cancer 
in humans). 

Many States find this option attractive bccausc i t  
ensures comprehensive coverage of the priority 
toxic pollutants with scientifically defcnsible 
criteria without the need to conduct. a resource- 
intensive evaluation of ihe particular segrncnts and 



C h a ~ r r r  3 - Warcr ~ u o l i n .  Crirrrin 

protect human health. To comply with the 
statute, a State needs to adopt aquatic life and 
human health criteria where necessary to support 
the appropriate designated uses. Criteria for the 
protection of human health are needed for water 
bodies designated for public water supply. When 
fish ingestion is considered an important activity, 
then the human health-related water quality 
criteria recommendation developed under section 
304(a) of the CWA should be used; that is, the 
portion of the criteria recommendation. based on 
fish consumption. For those pollutants designated 
as carcinogens, the recommendation for a human 
health criterion is generally more stringent than 
the aquatic life criterion for the same pollutant. 
In contrast, the aquatic life criteria 
recommendations for noncarcinogens are 
generally more stringent than the human health 
recommendations. When a State adopts a human 
health criterion for a carcinogen, the State needs 
to select a risk level. EPA has estimated risk 
levels of lo4, and in its criteria 
documents under one set of exposure assumptions. 
However, the State is not limited to choosing 
among the risk levels published in the section 
304(a) criteria documents, nor is the State limited 
to the base case exposure assumptions; i t  must 
choose the risk level for its conditions and explain 
its rationale. 

EPA generally regulates pollutants treated as 
carcinogens in the range of I O a  to lo4 to protect 
average exposed individuals and more highly 
exposed populations. However, if a State selects 
a criterion that represents an upper bound risk 
level less protective than 1 in 100,000 (e.g., lo'), 
the State needs to have substantial support in the 
record for this level. This support focuses on two 
distinct issues. First, the record must include 
documentation that the decision maker considered 
the public interest of the State in selecting the risk 
level, including documentation of public 
participation in the decision making process as 
required by the Water Quality Standards 
Regulation at 40 CFR 13 1.20(b). Second, the 
record must include an analysis showing that the 
risk level selected, when combined with other risk 
assessment variables, is a balanced and reasonable 

estimate of actual risk posed, based on the best 
and most representative information available. 
The importance of the estimated actual risk 
increases as the degree of conservatism in the 
selected risk level diminishes. €PA carefully 
evaluates all assumptions used by a State if the 
State chose to alter any one of the standard EPA 
assumption values (57 F. R. 60864, December 22, 
1993). 

EPA does not intend to propose changes to the 
current requirements regarding the bases on which 
a State can adopt numeric criteria (40 CFR 
13 1 ) ( l ) )  Under EPA's regulation, in 
addition to basing numeric criteria on EPA's 
section 304(a) criteria documents, States may also 
base numeric criteria on site-specific 
determinations or other scientifically defensible 
methods. 

EPA expects'each State to comply with the new 
statutory requirements in any section 303(c) water 
quality' standards ,review initiated after enactment 
of the Water Quality Act of- 1987. The structure 
of section 303(c) is to require States to review 
their water quality standards at least once each 3 
year period. Section 303(c)(2)(B) instructs States 

: to include reviews for toxics criteria whenever 
they initiate a triennial review. Therefore, even 
if a State has complied with section 303(c)(2)(B), 
the State must review its standards each triennium - 

to ensure that section 303(c)(2)(B) requirements 
continue to be met, considering that EPA may 
have published additional section 304(a) criteria 
documents and that the 'State will have new 
information on existing water quality and on , 

pollution sources. 

It should be noted that nothing in the Act or in the 
Water Quality Standards Regulation restricts the 
right of a State to adopt numeric criteria for any 
pollutant not listed pursuant to section 307(a)(l). 
and that such criteria may be'  expressed as 
concentration limits for an individual pollutant or 
for a toxicity pahimeter itself as measured by 
whole-effluent toxicity testing. However, neither 
numeric toxic criteria nor whole-effl uent toxicity 



Water Orvlitv Standards Hmdbbok - Second Edition 

methods or previously adopted 
numerical criteria. 

EPA, in devising guidance for section 
303(c)(2)(B), attempted to provide States with the 
maximum flexibility that complied with the 
express statutory language but also with the 
overriding ' congressional objective: prompt 
adoption and implementation of numeric toxics 
criteria. EPA . believed that flexibili'ty was 
important so that each State could comply with 
section 303(c)(2)(B) and to the extent possible, 
accommodate jts existing water quality standards 
regulatory approach. 

.+ +.. . < .' . ,. , . ., .. 

General Requirements 

To carry out the requirements of section 
303(c)(2)(B), whenever a State revises its water 
quality standards, i t  must review all available 
information and data to first determine whether 
the discharge or the presence of a toxic pollutant 
is interfering with or is likely to interfere with the 
attainment of the designated uses of any water 
body segment. 

If  the data indicate that it is reasonable to expect 
the toxic pollutant to interfere with the use, or it 
actually is interfering with the use, then the State 
must adopt a numeric limit for the specific 
pollutant. I f  a State is unsure whether a toxic 
pollutant is interfering with, or is likely to 
interfere with, the designated use and therefore is 

unsure that control of the pollutant is necessary to 
support the designated use, the State should 
undertake to develop sufficient information upon 
which to make such a determination. Presence of 
facilities that manufacture or use the section 
307(a) toxic pollutants or other information 
indicating that such pollutants are discharged or 
will be discharged strongly suggests that such 
pollutants could be interfering with attaining 
designated uses. If a State expects the pollutant 
not to interfere with the designated use, then 
section 303(1)(2)(B) does not require a numeric 
standard for that pollutant. 

Section 303(c)(2)(B) addresses onlji, -@llutants 
listed as "toxic* pursuant to section 307(a) of the 
Act, which are codified at 40 CFR 131.36(b). 
The section 307(a) list contains 65 compounds and 
families of compounds, which potentially include 
thousands of specific ,compounds. The Agency 
has interpreted that list to include 126 "priority" 
toxic pollutants for regulatory purposes. 
Reference in this guidance to toxic pollutants or 
section 307(a) toxic pollutants refers to the 126 
priority toxic pollutants unless otherwise noted. 
Both the list of priority toxic pollutants and 
recommended criteria levels are subject to change. 

The national criteria recommendations published 
by EPA under section 304(a) (see section. 3.1, 
above) of the Act include values for both' acute 
and chronic aquatic life protection; only chronic 
criteria recommendations have been established to 



approaches. Independent application means that 
the validity of the results of any one of the 
approaches does no1 depend on confirmation by 
one or both of the other methods. This policy is 
based on the unique attributes, limitations, and 
program applications of each of the three 
approaches. Each method alone can provide valid 
and independently .sufficient evidence of non- 
attainment of water quality standards, irrespective 
of any evidence, or lack thereof, derived from the 
other two approaches. The failure of one method 
to confirm impacts identified by another method 
does not negate the results of the initial 
assessment. 

is also. EPA's policy that States should 
designate aquatic life uses that appropriately 
address biological integrity and adopt biological 
criteria necessary to protect those uses (see 
section 3.5.3 and Appendices C, K, and R). 

a Criteria for Toxicants 

Applicable requirements for State adoption of 
water quality criteria for toxicants vary depending 
upon the toxicant. The reason for this is that the 
1983 Water Quality Standards Regulation 
(Appendix A) and the Water Quality Act of 1987 
which amended the Clean Water Act (Public Law 
100-4) include more specific requirements for the 
particular toxicants listed pursuant to CWA 
section 307(a). For regulatory purposes, EPA has 
translated the 65 compounds and families of 
compounds listed pursuant to section 307(a) into 
126 more specific substances, which EPA refers 
to as "priority toxic pollutants." The 126 priority 
toxic pollutants are listed in the WQS regulation 
and in Appendix P of this Handbook. Because of 
the more specific requirements for priority toxic 
pollutants, i t  is convenient to organize the 
requirements applicable to State adoption of 
criteria for toxicants into three categories: 

requirements applicable to priority toxic 
pollutants that have been the subject of CWA 
section 304(a)(l) criteria guidance (see 
section 3.4.1); 

requirements applicable to priority toxic 
pollutants that have not been the subject'of 
CWA section 304(a)(l) criteria guidance (see 
sectio" 3.4.1); and 

* requirements applicable to all other toxicants 
(e.g., non-conventional ' .pollutants like 
ammonia and chlorine) (see section 3.4.2). 

3.4.1 Priority Toxic Pollutant Criteria 

The criteria. requirements applicable to priority 
toxic pollulants (i.e., the first two categories 
above) are specified in CWA section 303(c)(2)(B). 
Section 303(c)(2)(B), as added 'by the Water 
Quality Act of 1987, provides that: 

Whenever a State reviews water quality 
standards pursuant to paragraph (1) of 
this subsection, or revises or adopts 
new standards pursuant to this 
paragraph, such State shall adopt 
criteria for all toxic pollutants listed 
pursuant to section 307(a)(l) of this Act 
for which criteria have been published 
under section 304(a), the discharge or 
presence of which in the affected 
waters could reasonably be expected to 
interfere with those designated uses 
adopted by the Stare, as necessary to 
support such designated uses. Such 
criteria shall be specific numerical 
criteria for such toxic pollutanu. 
Where such numerical criteria are not 
available, whenever a State reviews 
water quality standards pursuant to 
paragraph (I) ,  or revises or adopts new 
standards pursuant to this paragraph, 
such State shall adopt criteria based on 
biological monitoring or assessment 
methods consistent with information 
published pursuant to section 304(a)(8). 
Nothing in this section shall be 
construed to limit or delay the use of 
effluent limitations or other permit 
conditions based on or involving 
biological monitoring or assessment 
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304(a)(l)  criteria also include fish 
bioaccumulation and consumption factors in 
addition to direct human drinking water intake. 
These numbers were not developed to /serve as 
"at-the-tap' drinking water standards, and they 
have no regulatory significance under the SDWA. 
Drinking water standards are established based on 
considerations, including technological and 
economic feasibility, not relevant to section 
304(a)(l) criteria. Section 304(a)(l) criteria are 
more analogous to the maximum contaminant 
level goals (MCLGs) @reviously known as 
RMCLs) under section 1412(b)(l)(B) of the 
SDWA in which, based upon a report from the 
National Academy of Sciences, the Administrator 
should set meet levels for contaminants in 
drinking water at which "no known or anticipated 
adverse effects occur and which allow an adequate 
margin of safety.' MCLGs do not take treatment, 
cost, and other feasibility factors into 
consideration. Section 304(a)(I ) criteria are, in 
concept, related to the health-based goals specified 
in the MCLGs. 

MCLs of the SDWA, where they exist, control 
toxic chemicals in finished drinking water. 
However, because of variations in treatment, 
ambient water criteria may be used by the States 
as a supplement to SDWA regulations. When 
setting water quality criteria for public water 
supplies, States have the option of applying 
MCLs, section 304(a)(l) human health effects 
criteria, modified section 304(a)(l) criteria, or 
controls more stringent *an these three to protect 
against the effects of contaminants by ingestion 
from drinking water. 

For treated drinking water supplies serving 25 
people or greater, States must control 
contaminants down to levels at least as stringent 
as MCLs (where they exist for the pollutants of 
concern) in the finished drinking water. 
However, States also have the options to control 
loxjcs in the ambient water by choosing section 
304(a)(l) criteria, adjusted section 304(a)(l) 
criteria resulting from the reduction of the direct 
drinking water exposure component in the criteria 
calculation to the extent that the Lreatment process 

reduces the level of pollutants, or a more stringent 
contaminant level than the former three options. 

State Criteria Requimrnents 

Section 13 1.1 1 (a)( I )  of the '~egulation requires 
States to adopt water quality criteria to protect the 
designated use(s). The State criteria must be 
based on sound scientific rationale and must 
contain sufficient parameters or constituents to 
protect the designated use(s). For waters with 
multiple use designations, the criteria must 
support the most sensitive use. 

". 
In section 13 1 . 1  1, States are encouraged to adopt 
both numeric and narrative criteria. Aquatic life 
criteria should protect against both short-term 
(acute) and long-term (chronic) effects. Numeric 
criteria are particularly important where the cause 
of toxicity is known or for protection against 
pollutants with potential human health impacts or 
bioaccumulation potential. Numeric water quality 
criteria may also be the best way to address 
nonpoinl source pollution problems. Narrative 
criteria can be the basis for limiting toxicity in 
waste discharges where a specific pollutant can be 
identified as causing or contributing to the toxicity 
but where there are no numeric criteria i n  the 
State standards. Narrative criteria also can be 
used where toxicity cannot be traced to a 
particular pollutant. 

Section 13 1,11 (a)(2) requires States to develop 
implementation procedures which explain how the 
State will ensure that narrative toxics criteria are 
met. 

To more fully protect aquatic habitats, it is EPA's 
policy that States fully integrate chemical-specific, 
whole-effluent, and biological assessment 
approaches in State water quality programs (see 
Appendix R). Specifically, each of these three 
methods can provide a valid assessment of 

of designated aquatic life uses but can 
rarely demonstrate use attainment separately. 
Therefore, EPA supports a policy of independent 
application of these three water quality assessment 
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upon brief immersion, should be avoided. The 
section 304(a)(l) human health effects criteria 
based on direct human drinking water intake and 
fish consumption might provide useful guidance in 
these circumstances. Also, section 304(a)(l) 
criteria based on human health effects may be 
used to support this designated use where fishing 
is included in the State definition of "recreation." 
In this latter situation, only the portion of the 
criterion based on fish consumption should be 
used. Section 304(a)(l) criteria to protect 
recreational uses are also available for certain 
physical, microbiological, and narrative "free 
from" aesthetic criteria. 

Research regarding bacteriological indicators has 
resulted in EPA recommending that States use 
Escherichia coli or enterococci as indicators of 
recreational water quality (USEPA, 1986b) rather 
than fecal coliform because of the better 
correlation with gastroenteritis in swimmers. 

The "Green Book" and "Blue L300kR provide 
additional information on protecting recreational 
uses such as pH criteria to 'prevent eye irritation 
and microbiological criteria based on aesthetic 
considerations. 

3.2.2 Aquatic Life 

The section 304(a)(l) criteria for aquatic life 
should'be used directly to support this designated 
use. If subcategories of this use are adopted 
(e.g., to differentiate between coldwater and 
warmwater fisheries), then appropriate criteria 
should be set to reflect the varying needs of such 
subcategories. 

3.2.3 Agricultural and Industrial Uses 

The "Green Book" (FWPCA, 1968) and "Blue 
Book" (NASINAE, 1973) provide some 
information on protecting agricultural and 
industrial uses. Section 304(a)(l) criteria for 
protecting these uses have not been specifically 
developed for numerous parameters pertaining to 
these uses, including most toxics. 

Where criteria have not been specifically 
developed for these uses, the criteria developed 
for human health and aquatic life are usually 
sufficiently stringent to protect these uses. States 
may also establish criteria specifically designed to 
protect these uses. 

3.2.4 Public Water Supply 

The drinking water exposure component of the 
section 304(a)( 1 ) criteria based on human health 
effects can apply directly to this use classification. 
The criteria also may be appropriately modified 
depending upon whether the specific water supply 
system falls within the auspices of the Safe 
Drinking Water Act's (SDWA) regulatory.contro1 
and the type and level of treatment imposed upon 
the supply before delivery to the consumer. The 
SDWA controls the presence of contaminants in 
finished ("at-the-tap") drinking water. 

A brief description of relevant sections of the 
SDWA is necessary to explain how the Act will 
work in conjunction with section 304(a)(l) criteria 
in protecting human health from the effects of 
toxics due to consumption of water. Pursuant to 
section 1412 of the SDWA, EPA has promulgated 
"National Primary Drinking Water Standards" for 
certain radionuclide, microbiological, organic, and 
inorganic substances. These standards establish 
maximum contaminant levels (MCLs), which 
specify the maximum permissible level of a 
contaminant in water that may be delivered to a 
user of a public water system now defined as 
serving a minimum of 25 people. MCLs are 
established based on consideration of a range of 
factors including not only the health effects of the 
contaminants but also treatment capability, 
monitoring availability, and costs. Under section 
1401(l)(D)(i) of the SDWA, EPA is also allowed 
to establish the minimum quality criteria for water 
that may be taken into a public water supply 
system. 

Section 304(a)(l) criteria provide estimates of 
pollutant concentrations protective of human 
health, but do not consider treatment technology, 
costs, and other feasibility factors. The section 
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where: 

C = updated water quality criterion (mg/l) 

RL = risk level (10') where x is usually in the range of 4 to 6 

WT = weight of an average human adult (70 kg) 

q,* . = carcinogenic potency factor (kg &y/mg) 

WI = average human adult water intake (2 Ilday) 

FC = daily fish consumption (kg fish/day) 

L = ratio of lipid fraction of fish tissue consumed to 3 96 assumed by EPA 

FM = food chain multiplier (from Table 3-1) 

BCF = bioconcentration factor (mg toxicantlkg fish divided by mg toxicant/L 
water) for fish with 3% lipid content 

Exhibit 3-2. Equation for Deriving Human Health Criteria Based on Carcinogenic Eflects 

humans. Where a water body is designated for more than 
one use, criteria necessary to protect the most 

Relationship of Section 304(a) Criteria sensitive use must be applied. The following four 
to State Designated Uses sections discuss the major types of use categories. 

The section 304(a)(l) criteria published by EPA 
from time to time can be used to support the 
designated uses found in State standards. The 
following sections briefly discuss the relationship 
between certain criteria and individual use 
classifications. Additional information on this 
subject also can be found in the "Green Book" 
(FWPCA, 1968); the "Blue Book" (NASINAE, 
1973); the "Red Book" USEPA, 1976); the EPA 
Wacer Quality Crirerio Docwnenrs (see Appendix 
I); themGold Book" (USEPA, 1986a); and future 
€PA section 304(a)(l) water quality criteria 
publications. 

Recreational uses of water include activities such 
as swimming, wading, boating, and fishing. 
Often insufficient data exist on the human health 
effects of physical and chemical pollutants, 
including most toxics, to make a determination of 
criteria for recreational uses. However, as a 
general guideline, recreational waters that contain 
chemicals in concentrations toxic or otherwise 
harmful to man if ingested, or irritating to the . 
skin or mucous membranes of the human body 
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where: 

C = updated water quality criterion (mgfl) 

RfD = oral f e f u ~ c e  dose (mg toxicantikg human body wcight/&y) 

WT = weight of an average human adult (70 kg) 

DT = dictary exposure (other than fish) (mg toxicandkg body human 
wcightlday) 

IN  = inhalation exposure (fig toxicantfkg body human weightMay) 

W1 = average human adult water intake (2 Yday) 

FC = daily fish consumption (kg fish/day) 

L = ratio of lipid fraction of fish tissue consumed to 3% 

FM = food chain multiplier (from Table 3-1) 

BCF = bioconcentration factor (mg toxicantkg fish divided by mg toxicanf/L 
water) for fish with 3 % lipid content 

Exhibit 3-1. Equation for Deriving Human Health Criteria B&d on Noncarcinogenic Effects 

adequacy of the cancer data base (i.e., 
human vs. animal data); and 

limited information regarding the mechanism 
of cancer causation. 

Risk levels of lo", lo", and 10" are often used 
by States as minimal risk levels in interpreting 
their standards. EPA considers risks to be 
additive, i.e., the risk from individual chemicals 
is not necessarily the overall risk from exposure 
to water. For example, an individual risk level of 
lod may yield a higher overall risk level if 
multiple carcinogenic chemicals are present. 

For carcinogenic effects, the criterion can be 
determined by using the equation in Exhibit 3-2. 

If the receiving water body is not designated as a 
drinking water source, the factor WI can be 
deleted. 

Deriving Quantiltrh've Risk Assessments in 
the Absence of IRIS Valrres 

The RfDs or cancer potency estimates comprise 
.the existing dose-respnse factors for developing 
criteria. When IRIS data are unavailable, 
quantitative risk level information may be 
developed according to a State's own procedures. 
Some States have established their own 
procedures whereby dose-response factors can be 
developed based upon extrapolation of acute 
andlor chronic animal data to concentrations of 
exposure protective of fish consumption by 
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and "NOAEL" refer to animal and human 
toxicology and are therefore distinct from the 
aquatic toxicity terms "no-observed-effect 
concentration" (NOEC) and " lowest-observed- 
effect concentration" (LOEC).) Uncertainty 
factors are then applied to the NOAEL or LOAEL 
to account for uncertainties in the data associated 
with variability among individuals, extrapolation 
from nonhuman test species to humans, data on 
other than long-term exposures, and the use of a 
LOAEL (USEPA, 1988a). An additional 
uncertainty factor may be applied to account for 
significant weakness or gaps in the dadbase. 

The RfD is a threshold below which systemic 
toxic effects are unlikely to occur. While 
exposures above the RfD increase the probability 
of adverse effects, they do not produce a certainty 
of adverse effects. Similarly, while exposure at 
or below the RfD reduces the probability, it  does 
not guarantee the absence of effects in all persons. 
The RfDs contained in IRIS are values that 
represent EPA's consensus (and have u,ncertainty 
spanning perhaps an order of magnitude). This 
means an RfD of 1.0 mglkglday could range from 
0.3 to 3.0 mglkglday. 

For noncarcinogenic effects, an updated criterion 
can be derived using the equation in Exhibit 3-1. 

If the receiving water body is not used as a 
drinking water source, the factor WI can be 
deleted. Where dietary and/or inhalation 
exposure values are unknown, these factors may 
be deleted from the above calculation. 

OJculah'ng Criteria for Carcinogens 

Any human health criterion for a carcinogen is 
based on at least three interrelated considerations: 
cancer potency, exposure, and risk 
characterization. When developing State criteria, 
States may make their own judgments on each of 
these factors within reasonable scientific bounds, 
but documentation to support their judgments 
must be clear and i n  the public record. 

Maximum protection of human health from the 
potential effects of exposure to carcinogens 
through the consumption of contaminated fish 
andlor other aquatic life would require a criterion 
of zero. The zero level is based upon the 
assumption of n~n~threshold effects*(i.e., no safe 
level exists below which any increase in exposure 
does not result in an increased risk of cancer) for 
kcinogens. However, because a publicly 
acceptable policy for safety does not require the 
absence of all risk, a numerical estimate of 
pollutant concentration (in pgll) which 
corresponds to a given level of risk for a 
population of a specified size is selected instead. 
A cancer risk level is defined as the number of 
new cancers that may result in a population of 
specified size due to an increase in exposure 
(e.g., 10d risk level = 1 additional cancer in a 
population of 1 million). Cancer risk is calculated 
by multiplying the experimentally derived cancer 
potency estimate by the concentration of the 
chemical in the fish and the average daily i.uman 
consumption of contaminated fish. The nsk for a 
specified population (e.g., 1 million people or 10' 
') is then calculated by dividing the risk level by 
the specific cancer risk. EPA's ambient water 
quality criteria documents provide risk levels 
ranging from lo5 to 10' as examples. 

The cancer potency estimate, or slope factor 
(formerly known as the q,*), is derived uslng 
animal studies. High-dose exposures are 
extrapolated to low-dose concentrations and 
adjusted to a lifetime exposure period through the 
use of a linearized multistage model. The   nod el 
calculates the upper 95 percent confidence l i m i t  of 
the slope of a straight line which the model 
postulates to occur at low doses. When based on 
human (epidemiological) data, the slope factor is , 
based on the observed increase in cancer risk and 
is not extrapolated. For deriving criteria for 
carcinogens, the oral N c e r  potency estimates or 
slope factors from IRIS are used. 

It is important to note that cancer potency factors 
may overestimate or underestimate the actual risk, 
Such potency estimates are subject to great 
uncertainty because 'of, two primary- factors: 
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health criteria. The Integrated Risk Information 
System (IRIS) (Barns and Dourson, 1988; 
Appendix N) is an electronic data base of the 
USEPA that provides chemical-specific risk 
information on the relationship between chemical 
exposure.and estimated human health effects. Risk 
assessment information contained in IRIS, except 
as specifically noted, has been reviewed and 
agreed upon by an interdisciplinary group of 
scientists representing various Program Offices, 
within the Agency and represent an Agency-wide 
'consensus. Risk ' assessment. information and 
values. are updated on a monthly basis and are 
approved for Agency-wide use. IRIS is intended 
to make risk. assessment information readily 
available to those individuals who must perform 
risk assessments and also to increase consistency 
among risk assessment/risk management, 
decisions. 

IRIS contains two types of quantitative risks 
values: the oral Reference Dose (RfD) and the 
carcinogenic potency estimate or slope factor. 
The RfD (formerly known as the acceptable daily 
intake or ADI) is the human health hazard 
assessment for noncarcinogenic (target organ) 
effects. The carcinogenic potency estimate 
(formerly known as q,*) represents the upper 
bound cancer-causing potential resulting from 
lifetime exposure to a substance. The RfD or the 
oral carcinogenic potency estimate is used in the 
derivation of EPA human health criteria. 

EPA periodically updates risk assessment 
information, including RfDs, cancer potency 
estimates, and related information on contaminant 
effects, and reports the current information on 
IRIS. Since IRIS contains the Agency's most 
recent quantitative risk assessment values, current 
IRIS values should be used by States in updating 
or developing new human health criteria. This 
means that the 1980 human health criteria should 
be updated with the latest IRIS values. The 
procedure for 'deriving an updated human health 
water quality criterion would require inserting the 
current Rfd or carcinogenic potency estimate on 
IRIS into the equations in Exhibit 3.1 or 3.2, as 
appropriate. 

Yea 

I No 

Evaluate oUw 

e.g., FDA aUbn 
kv&, MCLJ, rWI 
m8owment fish 

adviwly lev& 

Figure 3-1. Procedure for determining an 
updated criterion using IRIS 
data. 

Figure 3-1 shows the procedure for determining 
an updated criterion using IRIS data. If a 
chemical has both wcinogenic and non- 
carcinogenic effects, i.e., both a cancer potency 
estimate and a RfD, both criteria should be 
calculated. The most stringent criterion applies. 

- Calculating Crirerio for Non-carcinogens 

The RfD is an estimate of the daily exposure to 
the human population that is likely to be without 
appreciable risk of causing deletenous effects 
during a lifetime. The RfD is expressed in units 
of mg toxicant per kg human body weight per 
day. 

RfDs are derived from the "no-observed-adverse- 
effect level" (NOAEL) or the "lowest-observed- 
adverse-effect level " (LOAEL) identified from 
chronic or subchronic human epidemiology studies 
or animal exposure studies. (Note: "LOAEL" 
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multipliers (FMs) in cunjunction with the BCF. 
The bioaccumulation and bioconcentration factors Troph~c Levels 
for a chemical arc related as follows: .-.----------..-.-.---.--..------..--.-.--.--.----.------.-.-.-. 

p 2 ,  3 4 -----..--.------------.---.-.----....------------------.--- 
BAF = Fhl x BCF 3.5 I .o I .o 1 .O 

3.6 1 .O 1 .O I .O 
By incorporating the F M  and BCF terms into the 3.7 I .O I .O 1.0 + 

criteria equations, bioaccumulation can be 3.8 1 .O 1 .O 1 .O 
addressed. 3.9 1 .O I .O 1 .o 

4.0 1.1 I .O 1 .O 

In Table 3-1, FM valucs derived from the work 
of Thomann (1987, 1989) arc listed according to 
log P value and trophic level of the organism. 
For chemicals with log P values greater than 
about 7, there is additional uncertainty regarding 
the degree of bioaccur~iula~ion, but generally, 
trophic level effects appar  to decrease due to 
slow transport kinetics of these chemicals i n  fish, 
the growth rate of the fish, and the chemical's 
relatively low bioavailability. Trophic level 4 
organisms are typically the most desirable species 
for sport fishing and. thcrcfore, FMs for trophic 
level 4 should generally hc used In the equations 
for calculating criteria. I n  those' verv rare 
situations where only lowcr trophic- level 
organisms are found. c.g.,  possibly oyster M s .  
an F:M for a lower trophic level might be 
considered. 

Measured BAFs (cspccially for thosk chemicals 
with log P values above 6.5) reported i n  the 

, literature should be used when available. To use 
experimentally measured BAFs in calculating the 

These recomli~endrd FMs are conscrvativa estimates; criterion, the (FM x HCI:) term is replaced by the 
Ns r,r lug gr,,skr than 6.5 from 

BAF in the equations in the following section. the vdluts n i v r ~ ~  to iu; low ;rs 0. I for contaminant8 with . - 
Relatively few BAFs have been measured very IOW h~oavailability. 

gcurately and reported, and their application to 
sites other than the specilic ecosystem where they 3-, . E~ tli a d F~~ d c h a in 
werc developed is problematic and subject to hlult ipliers'(FMs) 
uncertainty. The option is also available to 
develop BAFs experimentally, but this will be 

' extremely resource intcnsive i f  done on a site- 
specific basis with all the necessary experimental 
and quality controls. Updating Human Health Criteria Using 

IRIS 

,EPA recommends that States use the most current 
risk information in the process of updating human 
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Fsh Consumption Values 

EPA's human health criteria have assunied a 
human body weight of 70 kg and the consumption 
of 6.5 g oft fish and shellfish per day. Based on 
data collected in 1973-74, the national per capita 
consumption of freshwater and estuarine fish was 
estimated to average 6.5 glday. Per capita 
consumption of all seafood (including marine 
species) was estimated to average 14.3 glday. 
The 95th percentile for consumption of all seafood 
by individuals over a period of I month was 
estimated to be 42 glday. The mean lipid content 
of fish and shellfish tissue consumed in this study 
was estimated to be 3.0 percent (USEPA, 1980~). 

Currently, four levels of fish and shellfish 
consumption are provided in EPA guidance 
(USEPA, 1991a): I 

6.5 glday to represent an estimate of average 
consumption of fish and shellfish from 
estuarine and freshwaters by the entire U.S. 
population. This consumption level is based 
on the average of both consumers and 
nonconsumers of. 

20 glday to represent an estimate of the 
average consumprion of fish and shellfish 
from marine, estuarine, and freshwaters by 
the U.S.  population. This average 
consumption level also. includes both 
consulners and nonconsumcrs of. 

165 glday to represent consumption of fish 
and shellfish from marine, estuarine, and 
freshwatcrs by the 99.9th percentile of the 
U.S. population consuming the most fish or 
seafood. 

180 glday to represent a ."reasonable worst 
case" bas& on the assumption that some 
individuals would consume fishand shellfish 
at a rate equal to the combined consumption 
of red meat. poultry, fish, and shellfish in 
the linited States. 

EPA is currently updating the national estuarine 
and freshwater fish and shellfish consumption 
default values and will providc a range of 
recommended national consumption values. This 
range will include: 

, mean values appropriate to the population at 
large; and 

values appropriate for thosc individuals who 
: consume a relatively large proponion of fish 

and shellfish i n  their diets (maximally 
exposed individuals). 

Many States use EPA's 6.5 glday consumption 
value. However, some States use the above- 
mentioned 20 glday value and. for saltwaters, 
37 glday. In  general, EPA recommends that the 
consumption values used in deriving criteria from 
the formulas in this chapter reflect the most 
current, relevant, and/or si tc-spci tic information 
available. 

Bioaccumulation Considera1 ions 

The ratio of the contaminant concentrations in fish 
tissue versus that in water is term& either the 
bioconcentration factor (RCI:) or the 
bioaccumulation factor (BAF). Ric~oncentration 
is defined as involving contaminant uptake from 
water only (not from food). Thc bioaccumulation 
factor (RAF) is defined similarly to the BCF 
except that i t  includes contaminant uptake from 
both water and food. Under laboratory 
conditions, measurements of tissuelwater 
partitioning are generally considered to involve 
uptake from water only. On the other hand, both 
processes are likely to apply in thc field since the 
entire food chain is exposed. 

The RAFIBCF ratio ranges from 1 to 100, with 
the highest ratios applying to organisn~s i n  higher 
trophic levels. and to chemicals with logarilhm of 
the octanol-water partitioning ccxflicicnt (log P) 
closc to 6 .5 .  

Bioaccumulation considerations arc integrated into 
the criteria equations by using f t d  chain 
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Preparation cfHealrh Efl(.rs Assessment Chapters 
of the Con.senf De~* ree  Waier D(XWIIPIIIS 
(Appendix I). The procedures contained in this 
document are used in the development and 
updating of EPA water quality criteria and may be 
used in updating State criteria and in developing 
State criteria for those pollutants lacking EPA 
human health criteria. The procedures may also 
be applied as site-specific interpretations of 
narrative standards and as a basis for permit limits 
under 40 CFR 122.44 (d)( l)(vi). 

Magnitude and Duration 

Water quality criteria for human health contain 
only a single expression of allowable magnitude; 
a criterion concentration generally to protect 
against long-term (chronic) human health effects. 
Currently, national policy and prevailing opinion 
in the expen community establish that the 
duration for human health criteria for carcinogens 
should be derived assuming lifetime exposure, 
taken to be a 70-year time period. The duration 
of exposure assumed in deriving criteria for 
noncarcinogens is more complicated owing to a 
wide variety of endpoints: some developmental 
(and thus age-specific and perhaps gender- 
specific), some liferirne, and some, such as 
organolcptic effects, not duration-related at all. 
Thus, appropriate durations depend on the 
individual noncarcinugenic pollutants and the 
endpoints or adverse cffects being considered. 

Human Exposure Considerations 

A complete human exposure evaluation for toxic 
pollutants of concern for b~oaccumulation would 
encompass not only estimates of exposures due to 
fish consumption but also exposure from 
background concrntratlona and other exposure 
routes, The more ~mpcxtant of these include 
recreational and c~cupat  ional contact, dietary 
i n ~ k e  from other than fish, intake from air 
~nhalation, and drinking u atrr consumption. For 
section 3 W a )  criteria dciSclopment, EPA typically 
considers only exposures t o  a pollutant that occur 
through the ingestion of water and contan~rnated 
fish and shellfish. This is the exposure default 

assumption, although the human health guidelines 
provide for considerin'g other sources where data 
are available (see 45 F.R. 79354). Thus the 
criteria are based on an assessment of risks 
related to the surface water exposure route only 
(57 F.R. 60862-3). 

The consumption of contaminated fish tissue is of 
serious concern because, the presence of even 
extremely low ambient concentrations of 
bioaccumulative pollutants (sublethal to aquatic 
life) in surface waters can result in residue 
concentrations in fish tissue that can pose a human 
health risk. Other exposure route information 
should be considered and incorporated in human 
exposure evaluations to the extent available. 

Levels of actual human exposures from 
consuming contaminated fish vary depending upon 
a number of case-specific consumption factors. 
These factors include type of fish species 
consumed, type of fish tissue consumed, tissue 
lipid content, consumption rate and pattern, and 
food preparation practices. In addition, depending 
on the spatial variability in the fishery area, the 
behavior of the fish species, and the point of 
application of the criterion. the average exposure 
of fish may be only a small fraction of the 
expected exposure at the point of application of 
the criterion. If  an effluent attracts fish, the 
average exposure might bc greater than the 
expected exposure. 

With shellfish, such as oysters, snails, and 
mussels. whole-body tissue consumption 
commonly occurs, whereas with fish, muscle 
tissue and roe are most commonly eaten. This 
difference in the types of tissues consumed has 
implications for the arnount of available 
bioaccumulative contaminants likely to be 
ingested, Whole-body shellfish consumption 
presumably means ingestion of the entire burden 
of bioaccumulative contaminants. However, with 
most fish. selective cleaning and removal of 
internal organs, and sometimes body fat as well, 
from edible tissues, may result i n  removal of 
much of thc lipid rnatcrial in which 
bioaccurnulativc contaminanls rcnd to conccntr;ttc. 

(8115194) 



EPA's recommended criteria to account for 
site-specific or other scientifically defensible 
factors. Guidance on modifying national criteria 
is found in' sections 3.6 and 3.7. When a 
criterion must be developed for a chemical for 
which a national criterion has not been 
established, the regulatory authority should refer 
to the EPA 'guidelines (Appendix H). 

Magnitude for Aquatic Life Crileria 

Water quality criteria for aquatic life contain two, 
expressions of allowable magnitude: a criterion 
maximum concentration (CMC) to protect against 
acute (short-term) effects; and a criterion 
continuous concentration (CCC) to protect against 
chronic (long-term) effects. , EPA derives acute 
criteria from 48- to 96-hour tests of lethality or 
immobilization. EPA derives chronic criteria 
from longer term (oftemgreater than 28-day) tests 
that measure survival, growth, or. reproduction. 
Where appropriate, the calculated criteria may be 
lowered to be .protective ofcomercially or 
recreationally important species. 

Duration for Aquatic Life Criteria 

The quality of an ambient water typically varies in 
response to variations of effluent quality, stream 
flow, and other factors. Organisms in the 
receiving water are not experiencing constant, 
steady exposure but rather are experiencing 
fluctuating exposures, including perids of high 
concentrations, which may have adverse effects. 
Thus, EPA's criteria indicate a lime period over 
which exposure is to be averaged, as well as an 
upper limit on the average concentration, thereby 
limiting the duration of exposure to elevated 
concentrations. For acute criteria, -EPA 
recommends an averaging period of 1 hour. That 
is, to protect against acute effects, the 1-hour 
average exposure should not exceed the CMC. 
For chronic criteria, EPA recommends an 
averaging period of 4 days. That is, the 4-day 
average exposure should not exceed the CCC. 

Frequency .for Aquatic Life Criteria 

To predict or ascertain the attainment of criteria, 
it is necessary to specify the allowable frequency 
for exceeding the criteria. This is because i t  is 
statistically impossible to project that criteria will 
never be exceeded. As ecological communities 
are naturally subjected to a series of stresses, the 
allowable frequency of pollutant stress may be set 
at a value that does not significantly increase the 
frequency or severity of all stresses combined. 

EPA recommends an average frequency for 
excursions of both acute and chronic criteria not 
to exceed once in 3 years. I n  all cases, the 
recommended frequency applies to actual ambient 
concentrations, *and excludes the influence of 
measurement imprecision. EPA established its 
recommended frequency as pan of its guidelines 
for deriving criteria (Appendix H). EPA selected 
the 3-year average frequency of criteria 
exceedence with the intent of providing for 
ecological recovery from a variety of severe 
stresses. This return interval is roughly 
equivalent to a 7410 design flow condition. 
Because of the nature of the ecological recovery 
studies available, the severity of criteria 
excursions could not be rigorously related to the 
resulting ecological impacts. Neverthcless, EPA 
derives its criteria intending that a single marginal 
cri~eria excursion (i.e., a slight excursion over a 
I-hour period for acute or over a 4-day period for 
chronic) would require little or no time for 
recovery. If the frequency of marginal criteria 
excursions is not high, i t  can be shown that the 
frequency of severe stresses, requiring nieasurable 
recovery periods, would be extremely small. 
EPA thus expects the 3-year return interval to 
provide a very high degree of protection. 

3.1.3 . Criteria for, Human Iiealth Protection 

This section reviews EPA's proccdurcs used to 
develop assessments of human health effects in 
developing water quality criteria and reference 
ambient concentrations. A more complete human 
health effects discussion is includcd i n  the 
Guidelines und Merhrxlolog~ U s ~ d  in [he 
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8 making listing decisions under section 304(1) 
of the CWA; 

writing water quality-based NPDES, permits 
and individual control strategies; and 

providing wnification under section 401 of 
the CWA for any Federal permit or license 
(e.g., EPA-issued NPDES permits, CWA 
section 404 permits, or Federal Energy 
Regulatory Commission licenses). 

In these situations, States have primary authority 
to determine the appropriate level to protect 
human, health or welfare (in accordance with 
section '30j(c)(2) of the CWA) for each water 
body. However, under the Clean Water Act, 
EPA must also review and approve State water 
quality standards; section 303( I ) listing decisions 
and draft and final State-issued individual control 
strategies; and in States where EPA writes 
NPDES permits. EPA must develop appropriate 
water quality-based permit limitations. The States 
and EPA therefore have a strong interest in 
assuring that the decisions are legally defensible, 
are based on the best information available, and 
are subject to full and meaningful public comment 
and participation. I t  is very important that each 
decision he supported by an adequate record. 
Such a record is crirical to meaningful comment, 
EPA's review of the State's decision, and any 
subsequent administrative or judicial review. 

Any  .human health criterion for a toxicant is based 
on at l a s t  thrrx interrelated considerations: 

cancer potency or systemic toxicity, 

risk characterization. 

States may make their own judgments on each of 
these factors within reasonable scientific bounds. 
but documentation to support their judgments, 
when different from EPA 's recommendation, must 
be clear and in the public record. If a State relies 
on EPA's section 304(a) criteria document (or 

other EPA documents), the Slate may rcfcrence 
and rely on the data in these documents and nwd 
not create duplicative or new material for 
inclusion in their records. However. where site- 
specific i,ssues arise or the State decides to adopt 
an approach to any one of ,these three factors that 
differs from the approach , in EPA's criteria 
document, the State must explain its reasons i n  a 
manner sufficient for a reviewer to determine that 
the approach chosen is based on sound scientific 
rat,ionale (40 CFH 1 3 1.1 1 (b)). 

3.1.2 Criteria for Aquatic Life Protection 

The development of national numerical watqr 
quality criteria for the protktion of  aquatlc 
organisms is a complex process that uxs  
information from m,any areas of aquatic 
~oxicology. (Sre Appendix H for a drtaiicd 
discussion of this process.) After a decision is 
made that a national criterion is needed for a 
particular material, all available infornlat~on 
concerning toxicity to, and bioaccumuiation by, 
aquatic organisms IS collected and reviewed for 
acceptabiltty. If  enough acceptable data for 48- to 
96-hour toxicity tests on aquatic plants and 
animals are available, they are used to derive the 
acute criterion. I f  sufficient data on thc rdtio of 
acute to chronic toxicity conccntratlons arc 
available, they are used to derive thc chronic or 
long-term exposure critcria. If justified, onc or 
both of Ihe criteria may be related to othcr water 
quality characteristics, such as pH, ternpcraturc, 
or hardness. Separate criteria are dcvcl(llxtd for 
fresh and salt waters. 

The Water Quality Standards Regulation allows 
Stales to develop numerical criteria or rntdify 



CHAPTER 3 
WATER QUALITY CRITERIA 

The term "water quality criteria" has two different 
definitions undcr the Clean Water Act (CWA). 
Under section 304(a), EPA publishes water 
quality criteria that consist of scientific 
information regarding concentrations of specific 
chemicals or levels of parameters in water that 
protect aquatic life and human health (see section 
3.1 of this Handbook). The Slates may use thex 
contents as the basis for developing enforceable 
water quallty standards. Water quality criteria are 
also elements of Sgte water quality standards 
adopted under section 303(c) of the CWA (see 
sections 3.2 through 3.6 of this Handbook). 
States are rquircd to adopt water quality criteria 
that will protect the designated use(s) of a water 
body. These criteria must be based on sound 
scientific rationale and must contain sufficient 
pararneters or constituents to protect the 
designated 1 1 ~ .  

(3 EPA Section 304(a) Guidance 

EPA and a predecessor agency have produced a 
series of scientific water quality criteria guidance 
documents. Early Federal efforts were the 
"Green Book" (FWPCA, 1968) and the "Red 
Book" (USEPA, 1976). €PA also sponsored a 
contract cffort that resultd in the "Blue Book" 
(NASINAI I ,  1973). These early efforts were 
premised on the use of literature reviews and the 
collective scientific judgment of Agency and 
advisory panels. However, when faced with the 
need to dcvelop criteria for human health as well 
as aquatic lifc, the Agency determined that new 
procedures were necessary. Continued reliance 
solely on existing scientific iiferature was deemed 
inadequate because essential information was not 
available for many pc~llutants. EPA scientists 
developed formal methodologics for establishing 
scientifically dcfensiblc criteria. These were 
subjected to review by the Agency's Science 

Advisory Hoard of outside cxpcrts and the public. 
This effort culniinatcd on Novcmbcr 28,  1980, 
when the Agcncy puhlishcd critcria dcvcloplncnt 
guidelines for aquatic lifc and for hurllicn health, 
along with criteria for 64 toxic pollutants 
(IfSItI'A, 1980a.b). Sincc that ~ n i l i i l l  p~rhlication. 
the aquatic lifc ~nctht~iology H,as . amended 
(Appendix H ) .  and additional crileria wcrc 
proposed for public corii~ncnt and fin;tlized as 
Agency critcria guidance. ISPA sum~i~arized the 
available criteria information in thc "(;old Book" 
( U S I P A ,  1386a), which is upd;itcd t'rci.111 tirnc to 
tirnc. However. ttic indi~,iduiil criteria cli~unlcnts 
(see Appendix I ) .  iiS updiitcd. ;ire llic ofticial 
guidance d(xunicnts. 

EPA's L-rrtcria do~. \~nicn ts  proi.idc a 
co i i~prc l~~ns i~ .c  toxicological c~~iiluirtii)ri of cach 
chcniical. Ft~r  toxic pollut;ints, tlic dtxumcnts 
tabulate the relevant actil~. and cliroiiic toxicity 
information for aquatic lifc ant1 tlcrivc Ihc criteria 
maximum concentrations (acute crilcria) and 
criteria continuous conccntraticyi\ (chronic 
criteria) that t h r  Agency rccc~~iiri~c~ncis lo protect 
aquatic life resources. The incthidologies for 
these proccsscs arc dcscribcd in Appendices H 
and J and r)utlind in sections 3. 1.2 alid 3. I ..l of 
this Handhtx)k. 

3.1.1 Stirte Use of EI'A Critcri;~ 1)c~urnenls 

EPA's water quality criteria clt~c.ulncnts are 
availablc 11) assist Slates i n :  

adopting water quality standards lti;it includc 
appropriate nurticric wattr qun1it~~'criteria; 

interpreting existing watcr qualib standards 
that includc narratibee "no toxica in toxic 
amounts" criteria; 
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overt signs or symptoms of poisoning (Yaverbaum 1963,308 and fireworks, for dry-cill batteries, and in the manufacture 
Wilber 19692?g). Chronic lead poisoning in man is sympto- of paints and varnishes. 
matically similar to  multiple sclerosis (~alkowska ,e t  al. Manganese is often found with iron in ground water: 
1 964).lSQ Muscular dystrophy has been reported as occurring and it can be leached from- soil and occur in drainage ii 

in fishes and amphibians (Stolk 1 962,272 Wilber 196928Q) and high ,concentrations. The carbonates, osides, and hy- 
in view of these findings could, in fact, be unnatural. drosides are slightly soluhle, so that manganous and 

Data are needed on the sublethal, long-term effects of manganic ions arerarely present in surface:water in'escess 
lead on aquatic organisms, particularly those in sea water. of 1 mg/l. Manganese is prescnt in sea water at allout 2 pg/l 
Evidence of deleterious effect t o  freshwater fish has heen in the Mn"? form, ancl is concentrated through biochemical 
reported for concentrations of lead as low as 0.1 mg/l processes to form rnallganese nodulcs, found mainly in the 
(Jones 1938) .Ig7 deep sea. 

Wilder (1952)s00 reported lobster dying in 6 to 20 days Manganese may have different effects on the lower trophic 
when. held in lead-lined tanks. Pringle (zmpublished d a ~ a ) ~ l ~  levels in' fresh water and sea water. Concentrations of 
observed a 12-week LC50 of 0.5 mg/l lead and an 18-week manganese above 0.005 mg/l had a tosic effect on certain 
LC50 of 0.3 mg/l lead with the oyster (Crassoslrea ~iz.pinica). algae in reservoirs ,(Guseva 1 937,17.' 1939'l"), while 0.0005 
There was noticeablk change in gonadal, and mantle tissue mg/l in sea water stimulated growth and multiplication 
following 12 weeks exposure at concentrations of 0.1 t? of certain phyropl?nkton (Harvey 1 947).178 .Anderson 
0.2 mg/1 of lead. Calabrese et al. (unpublished datn)Jlo found (1 944)11° reported the threshold of i&mobilization of Dnjiinia 
a 48-hour LC25 of 1.73 mg/l and an LC50 of 2.45 mg/l magno as 0.63 mg/l of K M n 0 4  and the threshold concen- 
for oyster eggs of the same species; tration for immol~ilization of Dnblinio m q n a  in Lake Erie 

North and Clendenning (19'58)"' reported that lead water as 50 mgj1 of l\/lnC12 (-4nderson 1948).11? Rringmann 
nitrate at 4.1 mg/l of lead showed no deleterious effect on and Kuhn (1959a)I3l reported the threshold effect for the 
the photosynthesis rate in kelp (Mncro<ystis~~~rifera) exposed 'same species as 50 mg,/l of ~ n C 1 ~  as manqanese in River 
for four days. They concluded that lead is' less toxic to ~ a v e l  water at 23 C. 
kelp than mercury, copper, hesavalent chromium, zinc,. For the flatworm Pol~tctlis nigra, the threshold concen- 
and nickel. tration of manganese was reported as 700 mg,:l as man- 

ganese chloride and 660 mg/l as manganese nitrate. (Jones 
Recommendation 1940).lQD Tests on organisms on ,which fish feecl, i.? 

. In ?he absence of more definitive:information on crustacea, worms, and insect larvae, showed no appart 
the long-term chronic effect of lead on marine harm at 15 mg/l of mangapese during a 7-day esposure 
organisms, it is recommended that concentrations (Schweiger 1 957).261 River crayfish were found, to tolerate 
of lead in sea water should not exceed 0.02 of the 1 mg/l (Meinck et al. 19561.27 
96-hr LC50 for the most sensitive species, and that The tosicity of manganese to fish depends on a .numl)er 
the 24-hour average concentration should not ex- of factors which may vary from one situation to another. 
ceed 0.01 of the 96-hour LC50. On the basis of data. There is an apparent antagonistic action of manganese 
available at this time it is suggested that concen- toward nickel tosicity for fish (Blal~aum and Nichols 
trations of lead equal to or exceeding 0.05 mg/l 1956).1?3 This may Ile true also for col,alt, ancl manganese 
constitute a hazard i n .  the marine, environment, in combination, as noted for terrestrial plant life (Ahmed 
and levels less than 0.01 mg/l present minimal and Twyman 1953).Io8 
risk of ddeterious effects. Special effort should be Stickleback survived 50 mg/l manganese as manganese 

' 

made to reduce lead levels even further in oyster- sulphate for '3 days, whereas eels \vithstood 2700 mg:'l for 
growing areas.. 50 hours' (Doudoroff and Katz 1953).150 The lethal concen- 

Lead recommendations for the protection of tration of manganese for sticklekack was given as 40 mg/l 
wildlife are included'in the discussion of Marine . by Jones (1939),1Ds and he noted that the toxic action was 
Wildlife p. 227. slow. The minimum lethal concentration of manganese 

nitrate for sticklebacks in tap water has heen reported to 
Manganese . be 50 mg,fl as manganese (Anclerson 1948,"? blurdock 

Manganese is one of the most commonly used metals in 
industry. I t  occurs widely in ores on land and in nodules in 
the deep sea. U.S. consumption ' in 1958 exceeded 2.2 
million tons, a 45 per cent increase in 20 years (U.S. 
Department of Interior, Bureau of Mines 1969).?88 The 
metal is alloyed with iron to produce steel and in smaller 
quantities with copper for manganese bronze. Its salts are 
used in inks and dyes, in glass and ceramics, in matches 

1953) .?34 
The average survival times of stickelback in manganous 

nitrate solution were one week at 50 mg:l, four days at 
I00 mg:/l, two days at 150 mg '1, and one day at 300 mg!l, 
all measured as manganese (Murdock 1 953).?34 ,Young eels 
tolerated 1500 mg/l manganous sulphate for more than 25 
hours (Doudoroff and Katz '1 953).lbU Oshima (1 931)96 r 
Iwao (1 936)Is9 reported the lethal thresholds of manganb-. -' 
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Euoride (0.77 to 1.40 mgil) is bouiic: as the double ion 
hlgF+. 

Cnncentrations as low as 1.5 mg:l of fluoride have 
li 1 hatching of fish eggs (Ellis et al. 1946),15' and 2.3 
qg, ., ~ntrocluced as sodium fluoride, was lethal to rainbow 
trout (Salmo garrdnerl) at 18 C (Angelovic et al. 1961).u3 
\'irtually no information esists on long-term chronic effects 
3f low concentrations of fluorides in sea water. 

Recommendation 

In the absence of data on the sublethal effects 
of fluorides in the marine enqironment, it is recom- 
mended that an application factor of O.l'he applied 
to marine 96-hour LC50 data for the appropriate 
organisms most sensitive to fluoride. On the basis 
of data available at this time it  is suggested that 
:oncentrations of fluoride equal to or exceeding 1.5 
mg/1 constitute, a hazard in the marine environ- 
ment, and levels less than 0.5 mg/l present minimal 
risk of deleterious effects. 

Because of the widespread use of iron I,y inan for his 
many industrial activities, iron is a common containinant 
in the aquatic environment. Iron inay enter water naturally 
from iron ore deposits; but iron is more often introduced 
from-acid mine dra ina~e ,  mineral processing, steel pickling, 
and cbrrosion. Iron usually occurs in the ferrous form, 
.v' 't is released from processing plants or in mine drain- 
ag. ~ u t  1)ecomes rapidly oxiclized to the ferric form in 
natural surface waters. The ferric salts form gelatinous 
hydrosides, agglomerate and flocculate, settling out on the 
bottom or becoming adsorbed on various surfaces. Depend- 
ing on the p H  and Eh, groundwater may contain a con- 
;iderable amount of iron in solution, but well aerated waters 
seldom contain high, dissolved iron. In  the marine environ- 
ment, iron is frequently present in organic complexes and 
in adsorbecl forin on particulate matter. 

Most of the investigations on biological effects of iron 
have been done in fresh water (Knight 1901,2h4 Bandt 
1948,"' Minkina 1 946,22D Southgate 1 948,265 Lewis 1960,?15 
ORSANCO 19602J". Deposition of iron hydroxides on 
spawning grounds may smother fish eggs, and the hy- 
droxides may irritate the gills and block the respiratory 
channels of fishes (Southgate 1948,265 Lewis 1 960?15). Direct 
tosicity of iron depends on its valence state ancl whether 
it is in solution or suspension. 

TVarnick and Bell (1969)2Di examined the effects of iron 
on mayflies, stoneflies, and caddisflies and obtained a 
96-hour LC50 of 0.32 mg/l for the three insects. Dowden 
and Bennett (1965)lS3 esainined the effect of ferric chloride 
'to Daphnla magna in static acute hioassays. They noted 
LC50's of 36, 21, and 15 mg/l for 1, 1, and 4 days, re- 
s: 'vely., 
- - - - - -- . :ic hydroxide flocs removed the diatoms in the process 

of flocculnuon and settling, coating the bottom; and the 
iron precipitate coated the gills of white perch (~Moronc 
americana~, minnows, and silversides in upper Chesapeake 
Bay (Olson et al. 1941).24" 

Tests on three types of fish pave a lethality threshold for 
iron at 0.2 mgil (blinkina 1946)22D and on carp at 0.9 mg/l 
if the pH was 5.5 or lower. Ebeling (1928)'" found that 
10 mg/l of iron caused serious injury or death to rninhow 
trout (.Sa/mn plrdnerz) in 5 minutes. La Roze i lc3.55)?12 
reported that dogfish were killed in 3 hours at 5 1-117 '1 iron, 
whercas other research (National Council for Stream Im- 
provement 1953)23'i indicated no deaths during one week 
at 1 to 2 mg/l. 

Because of the slightly alkaline condition of sea water, 
much of the iron introducecl to the sea precipitates. This 
adds a further problem of iron hydroxicle flocs contami- 
nating bottom sediments where rooted aquatics and in- 
vertebrates could be affected. 

Special consideration should be given to avoiding dis- 
charge of iron-containin: effluents into waters where com- 
mercially important bottom species or important food 
organisms dwell (e.g., oysters, clams, scallops, lobsters, 
crabs, shrimp, halibut, flounder, and demersal fish eggs and 
lar\.ae). 

Recommendation 

On the basis of data available at this time, it is 
suggested that concentrations of iron equal to or 
exceeding 0.3 mg/l constitute a hazard to the 
marine environment, and levels less than 0.05 mg/l 
present minimal risk of deleterious effects. 

Lead 

The present rate of input of lead into the oceans is 
approximately ten times the rate of introduction by natural 
weathering, and concentrations of lead in surface sea water 
are greater than in deeper waters (Chow and Patterson 
1966).139 The isotope composition of the lead in surface 
waters and in recent precipitation is more similar to that of 
mined ore than to that in marine sediments (Chow 1968).13s 
There are almost no data, however, thar would susgest that 
the higher concentrations of lead in surface sea water de- 
rived from lead transported through the atmosphere have 
resulted in higher lead concentrations in marine wildlife. 
Lead concentrations in Greenland snow have been shown 
to be 16 times higher'in 1964 than in 1904 (Murozumi et al. 
1969).?3h In 1968 an estimated 1.8 X 10" tons of lead were 
introduced to the atmosphere as a result of the combust~on 
of leaded gasoline (Council on Environmental Quality 
1971).14' This represents 14 per cent of the total lead con- 
sumption of the United States for that year. Lead poisoning 
of zoo animals in New York City was attributed to their 
breathing lead-contaminated air lBazell 197 1) .I1" 

Blood serum aldolase activity in higher animals exposed 
to small amounts of lead increased, although there were no 
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(Sprague 1964,267, 1965,268 Sigler et al. 1966,2s3 Cope 
1 966142). 

Copper was the fifth metal in U.S. consun~ption during 
1968, following iron, manganese, zinc, and barium (U.S. 
Department of the Interior Bureau of Mines 1969).289 
Copper is used for such products as high transmission wires, 
containers, .utensils, and currency because of its noncor- 
rocling properties. 

Copper is widely distributed in nature and is present in 
sea water in concentrations ranging from 1 to 25 pg./l. In 
small amounts, copper is nonlethal to aquatic organisms; 
in fact, it is essential to some of the respiratory pigments in 
animals (Wilber 1969) .=Og Copper chelated by lignin or 
citrate has been reportecl to be as effective as copper ion in 
controlling algae, but apparently it is not as tosic to fish 
(Ingols 1955) .Ise Copper affected the polychaete Nerers 
virens at levels of approsimately 0.1 mg!l (Raymont and 
Shields 1964)253 ancl the shore crab (Carcinus nzaenzrs) at 1 to 
2 mg/l ' ( ~ i l b e r  1969).'99 Copper a t  concentrations of 0.06 
mg/l inhibited photosynthesis of the giant kelp (;\locroq~~stis 
py'fera) by 30 per cent in 2 days and 70 per cent in 4 days 
(Clendenning and North 1 960).141 I 

Copper is tosic to some oysters at concentrations above 
0.1 nlg,'] (Galtsoff 1932)lss ancl lethal to oysters at 3 mg/l 
(Wilber 1969) .2e9 The American oyster (Crassoslrea ulrgznica) 
is apparently more sensitive to copper than the Japanese 
species (Crassos~rea sigas) (Reish 1964) .254 The 96-hour LC50 
for Japanese oysters exposed to copper has been reported 
as 1.9 mg/l (Fujiya 1960).ls6 However, oysters exposed to 
concentrations as low as 0.13 mg/l turn green in about 21 
days (Galtsoff 1932).'8s Although such concentrations of 
copper are neither lethal to the oysters nor, apparently, 
harmful to man, green oysters are unmarketable because 
of appearance. Therefore, in the vicinity of oyster grounds, 
the recommendation for maximum permissible concen- 
trations of copper in the water is based on marketability, 
and it is recomnlended that copper not he introduced into 
areas whece shellfish may be contaminated or where seaweed 
is harvested. 

Copper acts synergistically when present with zinc 
(Wilber 1 969),2Rg zinc and cadmium (LaRoche 1 972),?11 
mercury (Corner and Sparrow 1956),la3 and with penta- 
chlorophenate (Cervenka 1959).137 Studies on sublethal 
effects of copper show that Atlantic salmon (Salmo salar) 
will avoid concentrations of 0.0024 m%/l in laboratory 
experiments (Sprague et al. 1965,"" Saunders and Sprague 
1 967,267 Spra%gue 197 1?'ID). 

Copper is accumulated by nlarine organisms, with con- 
centration factors of 30,000 in phytoplankton, 5,000 in the 
soft tissues of molluscs, and 1000 in fish muscle (Lowman 
et al. 1971)."l 

Bryan and Hummerstone (1971)13' reported that the poly- 
chaete Nerezs cliversicolor shows a high takeup of copper from 
copper-rich sediments and develops a tolerance. Mobile 
predators feeding on this species could receive doses toxic 

to themselves or accumulate concentrations that would be 
tosic to higher rrophic levels. 

Recommendation 

It is recommended that an application factor of 
0.01 be applied to marine 96-hour LC50 data for the 
appropriate organisms most sensitive to copper. 
On the basis of data available at this time, it is 
suggested that concentrations of copper equal to 
or exceeding 0.05 mgjl constitute a hazard in the 
marine environment, and levels less than 0.01 mg/l 
present minimal risk of deleterious effects. 

Cyanides 

Most of the available information on tosicity of cyanides 
is for fresh.~vater organisms, and is discussed in the Fresh- 
water -4quatic Life and LVildlife section, p. 189. 

Recommendation 

'As a guideline in the absence of data for marine 
organisms the panel recommends that an appli- 
cation factor of 0.1 be applied to marine 96-hour 
LC50 data for the appropriate organisms most 
sensitive to cyanide. On the basis of data available 
at this time it is suggested that concentrations of 
cyanide equal to or exceeding 0.01 mg/l constitute 
a hazard in the marine environment, and levels 
less than 0.005 mg/l present minimal risk of deb 
terious effects. 

Fluorides 

Fluorides have bden brought to public attention in recent 
years because of their effectsat low concentrations in human 
dental development and in prevention of decay. However, 
it must be remembereg that fluorides at higher concen- 
trations are poisons afflicting human and other mammalian 
skeletal structures with fluorosis (see Section 11, p. 66). 

FJuorine is the most reactive non-metal and dies not 
occur free in nature. I t  is found in sedimentary rocks as 
fluorspar, calcium fluoride, and in igneous rocks as cryolite, 
sodium aluminum fluor'ide. Seldom found in high concen- 
trations in natural surface waters because of their origin 
only in certain rocks in certain regions, fluorides may be 
found in detrimental concentrations in ground waters. 

Fluorides are emitted to the atmosphere and into effluents 
from electrolytic reduction plants producing phosphorus 
and aluminum. They are also used for disinfection, 'as 
insecticides, as a '  flus for steel manufacture, for manu- 
facture of glass and enamels, for preserving wood, and for 
assorted chemical purposes. 

.4 review of fluoride in the environment (Marier and 
Rose 197 1 )??"indicates that the concentration of unbound 
ionic fluoride (F-) in sea water ranges between 0.4 2 

0.7 mg/l. Appro~imately 50 per cent of'the total seahi_'-': 



TABLE IV-3-Copepod Mortality from Chlorine Exposure 
Acartia Tonsa 

Dlprine mall EEpDlura Uma in minutes to giro Exparure time in minutas to l ire 
50 pamnt morbllty 100 percent martrllty 

Eurytemona Aflnis 

Chlorina mg/l W o w r a  tima in minutas to live EI~OSUR tima In minutar to l ire 
50 psmnt mntality , ,100 percent mortaUty 

- - - - - - -- - 

GonUla (wpublishsd data) 1972.21* 

Eur-temona ofinis) have great difficulty in surviving exposures 
to chlorine (Table XV-3). 

Clendenning and North (1960)"' noted that at 5 to 10 
mg;l chlorine, the photosynthetic capacity of bottom fronds 
of the giant kelp (Macro~vstisp+vrifera) was reduced by 10 to 
15 per cent after 2 days and 50 to 70 per cent after 5 to 7 
days. 

Chlorination in seawater conduits to a residual of 2.5 
mg/l killed all fouling organisms tested (anemones, mussels, 
b des, Mogula, Bugula) in 5 to 8 days; but with 1.0 
mL a few barnacles and all anemones survived 15 days' 
expgJsure (Turner et  al. 1948) .as2 

I t  should be further stressed that chlorine applications 
may often be accompanied by entrainments where the 
organisms are exposed. to strong biocidal chlorine doses, 
intense turbulence, and heat (Gonzales et al. unpublished 
1971).313 Consideration should also be given to the for- 
mation of chlorinated products, such as chloramines or 
other pollutants, which may have far greater and more 
persistent toxicity than the original chlorine applications. 

Recommendation 

I t  is recommended that  an  application factor of 
0.1 be used with 96-hour LC50 data from seawater 
bioassays for the  most sensitive species to be pro- 
tected. 

However, i t  is suggested that free residual chlo- 
rine in sea water in excess of 0.01 mg/l can be 
hazardous to marine life. In the absence of data 
on the in situ production of toxic chlorinated 
products, i t  appears to be premature to advance 
recommendations. 

Chromium 

Most of the available information on toxicity of chromium 
i:._.-.--.freshwate; organisms: and it is discussed in Section 
Ii,, .p. 180. 

Chromium concentrations in seawarer average about 0.04 
pg/l (Food and Agriculture Orgariization 197 1 ) , I e 4  and 
concentration factors of 1,600 in benthic alpae, 2,300 in 
phytoplankton, 1,900 in zooplankton, 440 in soft parts of 
molluscs, 100 in crustacean muscle, and 70 in fish muscle 
have been reported (Lowman et al. 1971).?z1 

The tosicity of chr0rr:iu.m to aquatic life will vary with 
valence state, form. pH, syner~iscic or antaqonistic effects 
from other constiruenu. and the species of organism in- 
volved. 

In long-term studies an the. rffectj of heavy metals on 
0ysters;Haydu (~npublished data::" snowed that mortalities 
occur at concentl-ations of 10 10 12 g / 1  chromium, with 
highest mortality during May, June, and July. Raymont 
and Shields (1964)"s reported threshold toxicity levels of 
5 mg/l chromium for small prawns. (Leander sgt~illa), 20 
mg/l chromium in the form NazCrOI for the shore crab 
(Caicinas, maenus), and 1 mg;'l for the polychaete ~Vereis 
uirens. Pringle et  al. (1968)150 showed that chromium con- 
centrations of 0.1 and 0.2 mgjl, in the form of K2Cr207, 
produced the same mortality with molluscs as the. controls. 
Doudoroff and Katz (1 953!lm investigated the effect of 
Ii?Cr?O, on mummichogs (Frrndulw heteroclifus) and found 
that they tolerated a concentration of 200 mg/l in sea water 
for over a week. 

Holland et al. (1960)la2 reported that 31.8 mg/l of 
chromium as potassium chromate in sea water gave 100 
per cent mortality to coho salmon (Oncorly~nchus h-isulch). 
Gooding (1954)lln found that 17.8 mg/l of hexavalent chro- 
mium was toxic to the same species in sea water. 

Cleridenning and North (1960)141 showed that hesavalent 
chromium a t  '5.0 mg/l chromium reduced photosyr&hesis 
in the giant kelp (Macrocystis pyrifera) by 50 per cent during 
4 days exposure. 

Recommendation 

Because' of the sensitivity of lower forms of 
aquatic life to chromium and its accumulation a t  
all trophic levels, i t  is recommended that an appli- 
cation factor of 0.01 be applied to marine 96-hour 
LC50 data for the appropriate organisms most 
sensitive to chromium. On the basis of data avail- 
.able a t  this time, i t  is suggested that concentra- 
tions of chromium equal to or exceeding 0.1 rrig/l 
constitvte a hazard to- the marine environment, 
and levels less than3.05 mg/l present minimal risk 
of deleterious effects. In oyster areas, concentra- 
tions should be maintained a t  less than 0.01 mg/l. 

- 
Copper 

Copper has heen used as a pesticide for eliminating algae 
in water, and its salts have bactericidal properties. Copper 
is toxic to invertebrates and is used extensively in marine 
antifouling paints which release it to the water. I t  is also 
toxic to juvenile stages of salmon and other sensitive species 
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mercury, through seafood. Cadmium, like mercury, could populations, and .levels less than 0.2 &g/l present 
conceivably form organic compounds which nlight be highly minimal risk of deleterious effects. In the presence 
toxic or lead to mutagenic or teratogenic effects. of copper and/or zinc at .1 mg/l or 'more, there i.. 

Cadmiurn has marked acute and chronic effects on evidence that the application.factor for cadmiul 
aquatic ;organisms. I t  also acts synergistically with other should be lower by at least one order of magnitude. 
metals. A 15-week LC50 of 0.1 ing,il and inhibition of shell In the absence ,of sufficient data on the effects 
growth for Crassostrcn uirginica (Pringle'et .al.: 1968),??? and of cadmium upon wildlife, it is.recommended that 
a 96-hour LC50 of 0.03 mg/l cadmium .in combination with cadmium criteria for aquatic life apply also to 
0.15 mg/l zinc for .fry of chinook salmon (Oncorhynchus .wildlife. 
tshau!vlscha) '(Hul)lou et al. 1954)IB4 have been reported. 

Fzrndtrlus heteroclilus exposed to 50 mg/l cadmium showed Chlorine 
pathological changes. in the intestinal tract after 1-hour 1 

exposure, in the kidney after 12 hours, and in the gill Chlorine is generally present in the stahle chloride form 
filaments and respiratory iamellae after 20 hours (Gardner which constitutes ,about 1.9. per cent of sea water. Ele- 
and Yevich 1970).170 Copper and zinc,' kvhen present at mental chlbrine, which is a poisonous gas at normal tem- 
1 mg;/l or more, substantially increase the toxicity of .peratwe and pressure, is produced by electrolysis of a brine 
cadmium (LaRoche . . 197.2) .?I1 solution. Among its many uses are the bleaching of pulp, 

( . . I .  I # . . . . , . .  

Cadmium is concentrated by marine organisms, particu- . paper and testiles, and the manufacture of chemicals. . 
lax-ly the molluscs (e.g., ,Petten nouazetlandicae), which ac- Chlorine is used to kill so-called nuisance organisms that 
cumulated cadmium in the calcareous tissues i nd  in the might interfere with the proper functioning of hydraulic 
viscera (Brooks and Rumbsby 1965).133 Lowrnan et al. systems. Chlorine disinfection is also used in public water 
(1971)"l reported: a doncentratiori factor of 1000 for cad- supplies and in'se&ige effluents to insure that an acceptable 
mium in fish muscle. A degree of coliform rkduction is achieved before .the effluents 

Cadmium levels in tissues 'of Ashy Petx-el (Ocennodroania enter varibus bodies of ,water. In all instances the intent is 
homochroa) from coastal waters of California were approxi- to sliminate undesirable levels of organisms that would 
mately twice as high as in tissues of Wilson's Petrel (Oceanites degrade water uses. This goal is only partially reached, 
oceanicus) obtained in Antarctica, which had summered in because the effect of 'chlorine on desirable species is a 
the North Atlantic and Australian regions! respectively. serious hazard. 
Cadmium levels in .tissues of the Snow Petrel (Pelagodroma When dissolved in water, chlorine completely hydroli: 
nivea), a species .which ,does not leave the Antarctic ice pack to form hypochlorous acid (HOCl) or its dissociated ion&, 
region, obtained at Hallett.Station, Antarctica, were of the at concentrations below 1000 mg/l, no. chlorine exists in 
same order of magnitude as those in the Wilson's Petrel. solution as Cl?. The dissociation of HOCl to H+ and OC1- 
Cadmium levels in eggs of the Common Tern .(Slerna depends on the pH:  4 per cent is,dissociated at pH 6, 25 
hirundo) from Long 'Island Sound were inl the order of 0.2, per.cent at pH 7,, and 97 per cent at pH 9. The undissociated 
mgjkg dry weight, not appreciably higher,than those in the form is the most toxic (Moore' 1951).231 Although free 
Antarctic Tern (Sterna uiltata) from the ~ G a r c t i c  with' .  chlorine is toxic , in  itself, to '  aquatic organisms, combi- 
levels in the order of 0.1 mgjkg (Anderlirii,et al, inpress).lQ9 nations of chlorink with ammonia, cyanide, and organic 
Cadmium pollution may therefore he significant locally in compounds, such as phenols and amines, may be even more 
estuaries, but on the basis of thew limited data, it does noi toxic and can 'irripprt undesirable flavors to seafood. 
appear to be a problem in more remote marine ecosystems. Chlorine at' 0.05 mg/l was the critical level for young 
However,, in view of the comparatively unknowh'effects of Pacific salmon e.xposeil for 23 days ( ~ o l l a n d  et al. 1960).18? 
cadmium on the; marine ecosystem, its. apparent concen- The lethal threshold for chinook salmon (Oncorhynchus 
tration by marine organisms, .and the human health risk tshawytscl~a) and coho salmon (0. Iiinctch) for 72-hour ex- 
ir~vol"ed in consumption of cadmium-contaminated sea- posure was noted by these ijnvesrigators to be less than'O.l 

' 

food, it is suggested that there Ije no artificial additions of mg/l chlorine. 'In aerated freshwater, monochloramines 
cadmium to the marine environment. were more toxic than chlorine and dichloramine more toxic 

than monochloiamine. Studies of irritant reiponses of marine 
~ecommendc~tion fishes to.different chemicals (Hiatt et ,al.' 1953)Ig1 showed a 

The panel recommends that an application fac- slight irritant activity at 1 mg/l and violent irritant activity 
. tor of 0.01 be applied to marine 96-hour LC50 data at 10 mg/l. Oyste:rs.are sensitive to chlorine concentrations 

for appropriate organisms most sensitive to cad- of 0.01 to 0.05 m i l l  and react by reducing pumping ac- 
mium. On the basis of data available at this time, tivity. .4t Cl? concentrations of 1.0 mg/l effective pumping 
it is suggested that concentrations of. cadmium could not be maintained (Galtsoff 1946).16g 
equal to or exceeding 0.01 mg/l constitute a hazard Preliminary results show that at  15 C, salinity' 30 pc 
in the marine environment .as-well as to human per thousand (y&), mature copepods (Acartia tonsa a:-::- 



LeClerc and Devlaminck 1955,?14 Wallen et al. 1957,2g6 
LeClerc 1960213). Boric acid a t  a concentration of 2000 
n.  "Lowed no  effect on one trout and one rudd (Scardinzus 
. llthalmus); a t  5000 mg/l it caused a discoloration of 
.he skin of the trout, and at 80,000 mg/l the trout became 
mmobile and lost its balance in a few minutes (Wurtz 
1Y45).a0e The minimum lethal dose for minnolvs esposecl to 
~ o r i c  acid at 20 C for 6 hours was reported to be 18.000 
:o 19,000 mq/l in distilled water and 19,000 to 19,500 111; '1 
,n hard \carer (LeClerc and Devlaminck 1955,2'"cC:I...rc 
19602~~). Testing mosquito fish (Gambus~a aJnzs) at 120 ro 
26 C and a p H  range of 5.4 to 9.1, Wallen et al. (1957)2Q6 
~stablished 96-hour LC50Js of 5,600 mgjl for boric acid and 
3,600 mg/l for sodium borate. 

Since the toxicity is slightly lower in hard water than in 
distilled water, it is anticipated that boric acid and borates 
would he less tosic to marine aquatic life than to freshwater 
organisms. In the absence of sea water bioassay data, an 
estimate of 500 mg/l of boron as boric acid and 250 mgjl 
as sodium borate is considered hazardous to marine ani- 
mals, based on freshwater data (Wallen et al. 1957).296 
Concentrations of 50 mg/l and 25 mgjl, respectively, are 
expected to have minimal effects on marine fauna. 

-4n uncertainty esists concerning the effect of boron on 
marine vegetation. I n  view of harm that can be caused to 
terrestrial plants by boron in excess of 1 mg/l. .(Wilber 
1969),2Qg special precautions should be taken to maintain 
bc- - at normal levels near eel grass (zoostera), kelp (Macro- 
'q and other seaweed beds to minimize damage to 
these plants. 

On the basis. of data available at this time, it is 
suggested that concentrations of boron equal to or 
exceeding 5.0 mg/l constitute a hazard in the 
marine environment, and levels less than 5.0 mg/l 
present minimal risk of deleterious effects. An 
application factor of 0.1 is recommended for boron 
compounds applied to marine 96-hour LC50 data 
lor the appropriate organisms most sensitive .to 
boron. 

Bromine 

In concentrated form, bromine is a strong oxidizing agent 
and will attack all metals and organic materials. I t  is one 
of the major constituents in sea water, present a t  about 
67 rng,/l in bromate, and is commercially estracted from the 
sea. 

Bromine is used medicinally and for sterilization of 
swimming pools. I t  is also used in the preparation of dye- 
stuffs and anti-knock compounds for gasolines. Molecular 
bromine may be discharged in effluents from salt works and 
C-- I chemical industries. Bromination of certain organic 
s u ~ ~ ~ a n c e s ,  such as phenols and amines, may impart 

offensive taste and make waters more toxic to aquatic 
org;inisms. 

Kott et al. (1966)30s found that Ct~lorella pyrenoidosa, when 
exposed to 0.42 mg/l bromine for 4 days, were reduced in 
concentration from 2,383 cellsjmm? to  270 cells, 'but re- 
m,iined virtually unchanged at 0.18 mgil bromine (2,383 
e i l .  'mm2 in controls compared to 2,100 cells,imm? in the 
.-%:.:;:osed sample). 

.\: concentrations of 10 mg,/1 in soft water, Ijro~nine killed 
i.:..-h,!iu mugnn (Ellis 1937),'" ailtl at 20 mg/l in water of 
ii! to 23 C, golclfish (Carassius aumtui) \irere killecl (Jones 
i 3 . 5 ' i ~ . ~ ~ l  A violent irritant response in marine fish was 
observed at 10 mgjl bromine, but no such activity was 
perceived at 1 mg/l (Hiatt et al. 1953).18' 

The salts of I,romine are relatively innocuous. The 
th:-eshold of immobilization . 'for Daphnia ~nagrio was, 2 10 
mz,'1 of sodium bromate (NaBrOa) and 8200 mg/l of 
sodium I~rornide (NaBr) (Anderson 1916) ."I 

Recommendation 

It is recommended that free (molecular) bromine 
in the marine environment not exceed 0.1 mg/l 
and that ionic bromine in the form of bromate be 
maintained below 100 mg/l. 

Cadmium 

V.S. consumption of cadmium was 6!662 .short tons in 
1968 (U.S. Department. of 'the Interior, Bureau of Mines 
1969).z8D.These quantities indicate that cadmium might be 
a significant pollutant. 

Pure cadmium is not found in commercial quantities in 
nature. I t  is obtained as a by-product of smelting zinc. 
Cadmium salts in high concentrations have been found in a 
Missouri spring originating from a mine (up to 1,000 mg/ml 
cadmium) (ORSANCO. 1955),244 and up to 50 to 170 
mg,'kg of cadmium are found in superphosphate fertilizers 
(Athanassiadis 1969) .l16 Cadmium is also present iri some 
pesticides. It is' being used in increasing amounts by in- 
dustry (Council on Environmental Quality 1971).14J Water- 
carrying pipes are also a source of cadmi~un (Schroeder 
1970)?j9 as is food (Nilsson 1969).23D Cadlniurn is present 
in most'drainage waters (Kroner and I<opp 1965)20D, and 
may bk contributing substantially to the cadmium present 
in inshore coastal waters. I t  is not known, however, whether, 
man's. input has resulted in higher levels o'f cadmium in 

. estuarine or coastal .Gatem. In sea :water,. cadmium is 
generally present at about 0.1 pg;/,l (Goldberg et al; 1971).17? 

Cadmium pollution .resulting in the "Itai-itai" disease ,in 
the human population has been documented (Yamagata 
. and Shigematsu 1970). 307 S~hroeder  et al.' (1 967)2R0 have 
found that o.ysters may concentrate cadlniumf from kery 
low? 'levels i n  ambient .water. Cadmium concentrations in 
some marine plants and animals have been given by Mullin 
and Riley (1 956).233 

Concern exists that cadmium may enter the . diet: . like 
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(Goldberg et al. 1971),17? although it has been reported as 
low as 6.2 pg/l (Bowen 1956).128 Wolgemuth and Broecker 
(1970)303 reported a range of 8 to 14 pg/1 in the Atlantic 
and 8 to 31 pg/l in the Pacific, with the lower values in 
surface waters. Barium ions are thought to be rapidly 
precipitated or removed from solution by adsorption and 
sedimentation. 

Bijan and Deschiens (1956)lZ3 reported that 10 to 15 
mg/l of barium chloride were lethal to an aquatic plant 
and two species of snails. Bioassays with barium chloride 
showed that a 72-hour exposure to 50 mg/l harmed the 
nervous system of coho salmon (Oncorkj~nchzcs kisutch) and 
158 mg/l killed 90 per cent of the test species (ORSANCO 
1960) .?46 Barium can be concentrated in goldfish (Carassius 
auratus) by a factor of 150 (Templeton 1958).?7D Soviet 
marine radioactivity studies showed accumulation of radio- 
active barium in organs, bones, scales, and gills of fish 
from the Northeast Pacific (Moiseev and Kardashev 
196423?). Lowman et al. (1971)=' listed a concentration 
factor for barium of 17,000 in phytoplankton, 900 in zoo- 
plankton, and 8 in fish muscle. 

I 

In view of the widespread use of barium, the effects of 
low doses of this element and its compounds on marine 
organisms under different environmental conditions should 
be determined. Disposal of barium-containing wastes into 
waters when precipitates could affect rooted aquatics and 
benthic invertebrates should be avoided. 

Recommendation 

Because of the apparent concentration of barium 
by aquatic organisms and the resultant human 
health hazard, it is recommended that an appli- 
cation factor of 0.05 be applied to marine 96-hour 
LC50 data for the appropriate organisms most 
sensitive to barium. On the basis of data available 
at this  time, it is spggested that concentrations of 
barium equal to or exceeding 1.0 mg/I constitute 
a hazard in the marine environment, and levels 
less than 0.5 mg/l present minimal risk of dele- 
terious effects. 

Beryllium 

Beryllium is found mainly in the mineral beryl and is 
almost nonesistent in natural waters. Its concentration in 
sea water is 6 X lo-" pg/l. Beryllium is used in a number of 
manufacturing processes, in electroplating, and as a catalyst 
in organic chemical manufacture. I t  has also been used 
experimentally in rocket .fuels and in nuclear reactoSs 
(Council on Environmental Quality 197 1 ) . Id4 I n  1968, the 
U.S. consumption of beryllium was 8,719 tons, a 500 per 
cent increase over 1948 ( U S .  Department of the Interior, 
Bureau of Mines 1 969) 

Beryllium has been shown to inhibit photosynthesis in 
terrestrial plants (Bollard and Butler 1966).12' It  would be 
of interest to know if there is any inhibition of photo- 

synthesis by beryllium compounds in the marine environ- 
ment. 

Beryllium chloride and nitrate are highly soluble i~ 
water, and the sulfate is moderately so. The carbonate a1 
hvdroxide are almost insoluble in cold water. Tosicity tesrs 
gave a 96-hour LC50 for beryllium chloride of 0.15 mg/l 
as beryllium for fathead minnows (Pzmephales promelas) in 
soft water; 15 mg/I for the same species in hard water 
(Tarzwell and Henderson 1960);27s and 31.0 mg/l for 
F~indulus l~eterocliius (Jackim et al. 1970).lo0 

Beryllium has been reported to be concentrated 1000 
times in marine plants and animals (Goldberg et al. 1971).172 

Recommendation 

In the absence of data specifically related to 
effects of beryllium on marine organisms, and be- 
cause of its accumulation by marine organisms 
and its apparent toxicity to humans, it is recom- 
mended that an application factor of 0.01 be ap- 
plied to marine 96-hour LC50 data for the appropri- 
ate organisms most sensitive to beryllium. On the 
basis of data available for hard fresh water, it is 
suggested that concentrations of beryllium equal 
to or exceeding 1.5 mg/1 constitute a hazard to 
marine organisms, and levels less than 0.1 mg/l 
present minimal risk of deleterious effects. 

Bismuth , , 

Bismuth is used in the manufacture of bismuth sa' 
fusible alloys, electrical fuses, low-melting solders, a- 
fusible boiler plugs, and in tempering baths for steel, in 
"silvering" mirrors, and in dental work. Bismuth .salts are 
used in analytical chemical laboratories and commonly . 
formulated in pharmaceuticals. 

The concentration of bismuth in sea water is low, about 
0.02 pg/l, probably because of the insolubility of its salts. 
I t  is unknown how much bismuth actually gets into the sea 
from man-made sources, but, the quantity is probably small. 
The total U.S. prdduction in 1969 as 'subcarbonate 
( B ~ Z O ~ C O ~ ) ~ . H ? O  was 57 short tons (U.S. Department of 
Commerce 1 971).a86 

There are no bioassay data on which to base recommen- 
dations for bismuth in the marine environment. 

Boron 

Boron is not found in its elemental form in nature; it 
normally occurs in mineral deposits as sodium borate 
(borax) or calcium borate (colemanite). The concentration 
of boron in sea water is 4.5 mg/l as one of the 8 major 
constituents in the form of borate. Boron has long been 
used in metallurgy to harden other metals. I t  is now being 
used in the elemental form as a neutron absorber in nuclear 
installations. 

~vai lablk data on toxicity of boron to aquatic organir 
are from fresh water (Wurtz 1945,"6 Turnbull et al. 195- - -  
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Few of the salts of antimony have been tested on fish in 
bioassays, particularly ?n sea water. However, antimony 
pot---ium tartrate ("tartar emetic") gave a 96-hour LC50 
3s nony of 20 mg/l in soft water and 12 mg/l in hard 
vater (Tarzwell and Henderson 1 956,277 1 960278). Cellular 

division of green algae was hindered at 3.5 mg/l, and 
movement of Daphnia was retarded at 9 mg/l (Bringrnann 
and Kuhn 1959aj 181 Antimony trichloride, used in acid 
solution as a mordant for patent leather and in dyeing. was 
esamined in exploratory tests on fathead minnows 
~Pimephalespromelas) and gave a 96-hour LC50 as antimony 
of 9 mg/l in soft water and 17 mg/l in hard water (Tarzwell 
and Henderson 1960).27s Applegate et al. (1957)114 reported 
that rainbow trout (Salmo gatrdneri), bluegill sunfish (Lepomis 
macrochirus), and sea lamprey (Perfomyzon marinus) were un- 
affected by 5 mg/l of SbCla or SbClS in Lake Huron water 
~t 13 C, saturated with dissolved oxygen, and pH 7.5 to 8.2. 
Jernejcic (1969)lg3 noted that as little as 1.0 mg/l of anti- 
mony in the form of tartar emetic caused projectile vomiting 
in large mouth bass (Micropterus salmoides). 

Antimony can be concentrated by various marine forms 
to over 300 times the amount present in sea water (Goldberg 
1957, 171 Noddack and Noddack 1 93gZd0). 

Recommendation 

Because of the hazard of antimony poisoning to 
humans and the possible concentration of anti- 
mony by edible marine organisms, it is recom- 
a ed that an application factor of 0.02 be ap- 
pi&,, to marine 96-hour LC50 data for the ap- 
propriate organisms most sensitive to antimony. 
On the basis of data available at this time, it is 
suggested that concentrations of antimony equal 
to or exceeding 0.2 mg/l constitute a hazard in the 
marine environment. There are insufficient data 
available at this time to recommend a level that 
would present minimal risk of deleterious effects. 

Arsenic 

Arsenic occurs in nature mostly as arsenides .or pyrites. 
I t  is also found occasionally in the elemental form. Its 
consumption in the U.S. in 1968 amounted to 25,000 tons 
as AS209 (U.S. Department of the Interior, Bureau of 
Mines 1969).28g Arsenic is used in the manufacture of glass, 
pigments, textiles, paper, metal adhesives, ceramics, li- 
noleum, and mirrors (Sullivan 1969),274 and its compounds 
are used in pesticides, wood preservatives, paints, and 
electrical semiconductors. Because of its poisonous action 
on microorganisms and lower forms of destructive aquatic 
organisms, it has. been used in wood preservatives, paints, 
insecticides, and herbicides. Sodium arsentite has been used 
for weed control in lakes and in electrical semiconductors. 

I n  small concentrations, arsenic is found naturally in 
sr bodies of water. I n  its different forms, including its 
--- - 

v- :e states, arsenic varies in toxicity. Trivalent arsenic 

is considerably more toxic than the pentavalent species in 
the 'inorganic form. I t  is acutely toxic to invertebrates and 
for this reason has found application in the .control of 
Teredo and other woodborers in the AS+"c~rm. .4rsenious 
trioxide (As~OS) has been used for control oi' :tic. shipworm 
Rankia, setacia. In the arsenate form it is oi relatively 
low toxicity, Daphnia being just ixnmobilizc:r! 3.: 18 ro 31 
mg/l sodium arsenate, or 4.3 to 7.5 m~!1 3s ;~rsenic.. in 
Lake Erie water (Anderson 1944."" 1.946:':). T-ir lethal 
threshold of sodium arsenate for minnows ilii; 5-F.;. reported 
as 234 mg/l as arsenic at 16 to 20 C (Wilber 1?(J9).2g8 

Arsenic is normally present in sea water at coricentrations 
of 2 to 3 rg/l and tends to be accumulated by oysters and 
other molluscan shellfish (Sautet et al. 1 9 6 4 , ~ ~ ~  Lowrnan 
et al. 1971"'). Wilber (1969)2g9 reported concentrations of 
100 mg/kg in shellfish. Arsenic is a cumulative poison and 
has,long-term 'chronic effects on both aquatic organisms 
and on mammalian species. A succession of small doses may 
add up to a final lethal dose' (Buchanan 1962).lSG The acute 
effects of arsenic and its .coinpounds on aquatic organisms 
have been investigated, but little has been done on the sub-. 
lethal' chronic effects. 

Surber and Meehan (1 93 found that fish-food orga- 
nisms generally can withstand concentrations of approxi- 
mately 1.73 mg/l of arsenious trioxide in sodium arsenite 
solution. Meinck et al. (1956)n7 reported that arsenic con- 
centrations were toxic at 1.1 to 2.2 mg/l to pike perch 
(Stizostedion vitreum) in 2 days, 2.2 mg/l to bleak in 3 days, 

'3.1 mg/l to carp (Cyrinus carpio) in 4 to 6 days and to eels 
in 3 days, and 4.3 mg/l to crabs in 11 days. 

Recommendation 

Because of the tendency of arsenic to be concen- 
trated by aquatic organisms, it is recommended 
that an application factor of 0.01 be applied to 
marine 96-hour LC50 data for the appropriate 
organisms most sensitive to arsenic. On the basis 
of freshwater and marine toxicity data available, 
it is suggested that concentrations of arsenic equal 
to or exceeding 0.05 mg/l constitute a hazard in 
the marine environment, and levels less than 0.01 
mg/l present minimal risk of deleterious effects. 

Barium comes largely from ores (BaSOd, BaC03). It  is 
being used increasingly in industry. The U.S. consumption 
in 1968 was 1.6 million tons, a growth of 78 per cent in 
20 years (U.S. Department of the Interior, Bureau of 
Mines 1969).28g Barium is used in a variety of industrial 
applications, including paper manufacturing, fabric printing 
and dyeing, and synthetic rubber production. 

All water- or acid-soluble barium compounds are poi- 
sonous. However, in sea water the sulfate and carbonate 
present tend to precipitate barium. The concentration of 
barium in sea water is generally accepted at about 20 pg/l 
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dition of foreign material should not drop the pH suppo&ing commercial populations of clams, scallops, 
.below 6.5 or raise it above 8.5. oysters, shrimps, lobsters, crabs, or bottom fishes. 

Aluminum' 

Aluminum, one of the most abundant elements in the 
earth's crust, does not occur in its elemental form in nature. 
It is found as a constituent in all soils, plants, and animal 
tissues. Aluminum is an amphoteric metal; it may be in 
solution as a weak acid, or it may assume the form of a 
flocculent hydroxide, depending on the pH. In the alumi- 
num sulfate form (alum), it is used in water treatment as a 
coagulant for suspended solids, including colloidal materials 
and microorganisms. 

Aluminum may be adsorbed on plant organisms, hut 
very little ingested by animals is absorbed through the 
alimentary canal. Goldberg et al. (1 97 1)17= reported an 
aluminum concentration factor for phytoplankton (Sar- 
gassum) ash of 65 and for zooplankton ash of 300. However, 
Lowman et al. (1971),=l in their compilation of concen- 
tration faqtors for various elements, noted that aluminum 
was reported to be concentrated 15,000 times in benthic 
algae, 10,000 times in plankton (phyto- and zoo-), 9.000 
times in the soft parts of molluscs, 12,000 times in crustacean 
muscle, and 10,000 times in fish muscle. 

In fresh water, the toxicity of aluminum salts varies with 
hardness, turbidity, and pH. Jones (1939)lo8 found the 
lethal threshold of aluminum nitrate for stickleback 
(Gasterosteus aculeatus) in very soft water to be 0.07 mg/l. 
Using tap water with the same compound tested on the 
same species, Anderson (1948)112 reported a toxic threshold 
of less than 5 X molar aluminum chloride (1 -35 mg/l 
Al). Average survival times of stickleback in different con- 
centrations of aluminum in the nitrate form have been 
reported as one-day at 0.3 mg/l and one week at  0.1 mg/l 
(Doudoroff and Katz 1953).lK0 It was noted by the same 
authors that 0.27 mg/l aluminum in the nitrate form did 
not. apparently harm young eels in 50 hoursJ exposure. 

Because of the slightly basic nature of sea water, alumi- 
num salts tend to precipitate in the marine environment. 
These salts have exhibited comparatively low toxicities with 
96-hour LC50's of 17.8 mg/l for redfish tested in sea water 
with aluminum chloride (Pulley 1950) .262 Concentrations 
of 8.9 mg/l of aluminum (from AlC18) did not have a lethal 
effect on marine fish and oysters tested (Cynoscion nebrtlosus, 
Sciaenops oscellatus, Fundulus grandzs, Fundulus szmilis, Cyprzndon 
vanegatus, Ostrea uirginica) (Pulley 1950).252 The flocs of 
precipitated aluminum hydroxide may affect rooted 
aquatics and invertebrate benthos. Wilder (1952)500 noted 
no significant effect on lobsters (Homanu americanus) of a 
tank lined with an aluminum alloy (Mn, 1 to 1.5 per cent; 

- Fe, 0.7 per cent; Si, 0.6 per cent; Cu, 0.2 per cent, and Zn, 
0.1 per cent). . 

Aluminum hydroxide can have an adverse effect on 
bottom communities. Special precautions should be taken 
to avoid disposal of aluminum-containing wastes in water 

Recommendation , 

Because aluminum tends to be concentrated by 
marine organisms, it is recommended that an 
application factor of 0.01 be applied to marine 
96-hour LC50 data for the appropriate organisms 
most 'sensitive to aluminum. On the basis of data 
available at this time, it is suggested that concen- 
trations of aluminum exceeding 1.5 mg/l consti- 
tute a hazard in the marine environment, and 
levels less than 0.2 mg/l present minimal risk of 
deleterious effects. 

Ammonia 

Most of the available information on toxicity of ammonia 
is for freshwater organisms. For this reason, the reader is 
referred to the discussion of ammonia in Section 111 on 
Freshwater Aquatic Life and Wildlife (p. 186). Because of 
the slightly higher alkalinity of sea water and the larger 
proportion of un-ionized ammonium hydroxide, ammonia 
may be more toxic in sea water than in fresh water 
(Doudoroff and Katz 1961).151 Holland et al. (1960)la2 
noted a reduction in growth and a loss of equilibrium in 
chinook salmon (Oncorhynchus tshawytscha) at concentrations 
3.5 to I0 mg/1 of ammonia. Dissolved oxygen and carbon 
dioxide decrease the toxicity of ammonia (U.K. Depart- 
ment of Science and Research 1961).284 Lloyd and r 
(1969),?17 in their studies on the effect of un-ionized a* 
monia at a pH of 8 to 10, found 100 per cent mortality 
with 0.44 mg/l NHs in 3 hours for rainbow trout (Salmo 
galrdncri). This confirmed earlier results of 100 per cent 
mortality in 24 hours at 0.4 mg/l. The toxicity increased 
with pH between 7.0 and 8.2. 

Recommendation 

It is recommended that an application factor of 
0.1 be applied to marine 96-hour LC50 data for the 
appropriate organisms most sensitive to ammonia. 
On the basis of freshwater data available at this 
time, it is suggested that concentrations of un- 
ionized ammonia equal to or exceeding 0.4 mgjl 
constitute a hazard to the marine biota, and levels 
less than 0.01 mg/l present minimal risk of dele- 
terious effects. 

Antimony 

Antimony occurs chiefiy as sulfide (stihnite) or as the 
oxide's'$ervantite, (Sh20J and valentinite (SbzOs) and is 
used for alloys and other rneta~lur~icai purposes. It  has 
also been .used in a variety of medicinal preparations and 
in numerous industrial applications. Antimony salts are 
used in the fire.works, rubber, textile, ceramic, glass 7 

. 
- .- - -. , paint industries. 
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tillportant behavioral reactions stimulated by low concen- 
 ions of some of the metals. . . 

'-.the following review of different inorganic constituents, 
T I  :a1 amount of each element is considered in the dis- 
r.i.Gsiun ancl 'recommendation, unless otherwise stated. 
:;,'hc.reas some of the methods of analysis for constituents 
rxominended for fresh water and waste water can also be 
r:st~l ill marine environments? the interference from salt 
r:!:inancls other specialized techniques for many elements 
r Stricklancl an4 Parsons 1 968,?7Vood ancl hgricul ture 
3rrnnization 197 1 18'). 

Xot' only has the recent literature been reviewcd in this 
eusmination of the properties and effects of inorganic con- 
:rirurnts, but various bibliographic and other . standard 
;.cfcrences have been liberally consultecl (TheeMcrck Index 
1 960,22s McKee and \!Volf 1 963,221i Lt'ilber 1969,28e NRC 
Committee on Oceanography 197 1 ,237 U.S. Department of 
 he Interior Federal Water Pollution Control -4clminis- 
tration 10E8,2H7 Canada Interdephrtinental CIommittee on 
Lt'ater 1971138). 

Alkalinity or Buffer Capacity, Carbon Dioxide, and pH 

The chemistry of sea water differs from that of fresh 
water laryely because of the presence of salts, the major 
constituents of which are present in sea water in constant 
proportion. The weak-acid salts, such as the carbonates, 
I~icarl~onates, and I~orates, contribute to the high buffering 
capacity or.alkalinity of sea water. This buffering power 
rf  3s many wastes of a hiyhly acidic or alkaline nature, 
1: ,. .I are often highly toxic in fresh water, comparatively 
:ilnocuous after mixin5 with sea water. 

The coinples carbon dioxide-bicarbonate-carbonate sys- 
tem in the sea is described in stanclard testbooks (Sverdrup 
et al. 1 946,278 Skirrow 1 96526". Alkalinity and the hydrogen- 
Ion concentration, as expressed by pH (Strickland and 
Parsons 1968),27%re the best measure of the effects of 
highly acidic or highly alkaline wastes. 

European Inland Fisheries Advisory Commission 
(1969)'" and Kemp (1971)2c reviewed the pH require- 
ments of freshwater fishes. Because of the large difference 
in buffer capacities. techniques for measurement and defi- 
nitions of alkalinity are quire different for marine and fresh 
waters. The normal ranTe of pH encountered in fresh water ' 

is considerably wicler than that found in sea water, and for 
this. reason, freshwater communities are adapted to greater 
pH estremes than are marine communities. 

Sea water normally varies in pH from surface to bottom 
because of the carbon dioside-l>icarl,onatr-carl>onat.e equi- 
libria. Photosynthetic and respiratory processes also con- 
tril~ute to variations in pH. At the sea surface, the p H  
normally varies from 8.0 to 8.3, depending on the partial 
pressure of carbon dioxide in the atmosphere and the 
salinit'y and temperature of the water. A large uptake of 
c? 3 dioxide during photosynthesis in the euphotic zone 
It---- - .o high pH values exceeding 8.5 in exceptional cases. 

Release of carbon dioxide during decomposition in inter- 
mediate and bottom waters results in a lowering of pH. 
In shallow, bioloyically-active waters, particularly in warm 
tropical and subtropical areas, there is a large diurnal 
variation in pH with values ranging from a high of 9.5 in 
the daytime to a low of 7.3 at night or in the early morning. 

The tosicity of most pollutants increases as the pH in- 
creases or decreases from neutral (pH 7). This is true for 
comples mixtures, sucl~ as pulp mill effluents (Howard 
and IValden 1965 ),Is1 for constituents which dissociate at 
different pH (c.y.. HcS and HCN), and for heavy metals. 
The toxicity of certain complexes can change drastically 
with pH. Nickel cyanide exhibits a thousandfold increase 
in toxicity with a 1.5 unit decrease in pH from 8.0 to 6.5 
(Robert A. Taft Sanitary Engineering Center 1 953,286 
Doudoroff et al. 19661b2). pH  may also determine the 
degree of clissociation of salts, some of which are more tosic 
in the molecular form than in the ionic form. Sodium 
sulfide is increasingly toxic with decreasing pH as S' and 
HS- ions are converted to H?S (Jones 1948)."O The toler- 
ance of fish to low concentrartions of dissolved oxygen, high 
temperatures, cations, and anions varies with pH. There- 
fore, non-injurious pH deviations and ranges depend on 
local conditions. 

There are large fluctuations in natural pH m the marine 
environment. Changes in pH indicate that the buffering 
capacity of the sea water has been altered and the carl~on 
dioxide equilil~ria have shifted..The time required for mixing 
of an effluent with a large volume of sea water is exceedingly 
important. When the p H  of the receiving sea water under- 
goes an'increase or decrease, its duration can he important 
to the survival of organisms. At present, there are not 
sufficient data with which to assign time limits to large 
departures of pH. 

Fish tolerate moderately large pH changes in the middle 
of their normal pH ranges. Snlall pH changes at the limits 
of their ranges and also in the presence of some pollutants 
can have significant deleterious effects. 

Plankton and benthic invertebrates are probably more 
sensitive than fish to changes in pH. Oysters appear to 
perform best in brackish waters when the pH is about 7.0. 
At a pH of 6.5 and lower, the rate of pumping decreases 
notably, and the time the shells remain open is reduced 
by 90 per cent (Loosanoff and Tommers 1 948,?18 Korringa 
1952?07). Oyster larvae are impaired at a pH  of 9.0 and 
killed at 9.1 in a few hours (Gaarder 1932).187 The upper 
p H  limit for.crabs is 10.2 (Meinck et al. 1956).227 

Recommendation 

Changes in sea .mate; pH should be avoided. The 
effects of pH alteration depend on the specific con- 
ditions. In any case, the normal range of pH In 
either direction should not be extended by more 
than 0.2 units. Within the normal range, the pH 
should not vary by more than 0.5 pH units. Ad- 
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paucity of tests in sea water. There is a clear need for 
toxicological work on the sublethal effects of pollutants on 
marine organisms. 

At low concentrations, many elements are necessary to 
life processes, while at higher concentrations the same 
elements may be toxic. The effects of long-term esposure 
to low levels of most chemicals, singly or in combination, 
are generally unknown. 

Laboratory bioassays are conducted under controlled 
conditions usually with single chemicals. Such rests provide 
tosicological information that must precede studies with 
mixtures closer to actual conditions. These mixtures must 
reflect the conditions and the composition of water in specific 
areas of discharge, because substances are rarely isolated 
when found in the environment. The probabilities of syner- 
gism and antagonism are enhanced by increased complexity 
of effluents. Synergism and antagonism in the environment 
are poorly understood. Copper is more toxic in soft water 
than in hard water where the calcium and the magnesium 
salts contributing to water hardness tend to limit or an- 
tagonize copper tosicity. .Arsenic renders selenium less toxic 
and has been added to feeds for cattle and poultry in areas 
high in selenium. As examples of synergism, copper is 
considerably more toxic in the presence of mercury, zinc, 
or cadmium salts (LaRoche 1972),?11 and cadmium makes 
zinc and cyanide more toxic. Synergism or antagonism is 
expected to occur more frequently in water containing 
numerous chemical compounds than in one with few such 
compounds. Therefore, a comples chemical medium such 
as sea water can increase the probability of synergism or 
antagonism when a pollutant is introduced. 

The effects of pollutants can be considered in terms of 
their biological end points. Such irreversible effects as 
carcinogenesis, mutagenesis, and teratogenesis provide 
identifiable end points in terms of biological consequences 
of pollutants. The effects of substances may vary with 
species or with stages 'of the life cycle (See Methods of 
Assessment, p. 233). 

A distinction must be made between the effects of pol- 
lutants harmful to the quality of an organism as a product 
for human consumption and those harmful to the organism 
itself. While the levels of mercury that render fish unac- 
ceptablo for marketing do not, on the basis of the limited 
information available at this time, appear to have any 
adverse effect on the fish themselves, t'hey cause condem- 
nation of the product for human consumption. This may 
also be true for other elements that lend themselves to bio- 
accumulation. Elemental phosphorus leads to illness and 
eventual mortality of fish themselves (Jangaard 1970).''l 
At the concentrations of phosphorus found in the liver and 
other vital organs, the fish may have been toxic to human 
beings as well. The recommendations for the elements sub- 
ject to biological accumulation in the marine environment 
must be set at  a low level to protect the organisms. There 
is also need to establish recommendations based on human 

health, and a need to protect the economic value of fisheries 
affected by accumulations of some of these elements. 

Data on the accumulation of inorganic chemicals bv- 
aquatic organisms are given in Appendix 111, Tablr, 
(pp. 469480). The maximum permissible con cent ratio^^^ 
of inorganic chemicals in food and water, as prescribed by 
the U.S. Food and Drug Administration and by drinking 
water standards of various agencies, are given in Appendix 
111, Table S {pp. 481-482). 

The elements essential to plant and animal nutrition in 
the marine environments have been included in Table 
IV-2. They constitute some of the ordinary nutrients, e.g., 
silicon and nitrate, as well as the micro-constituents, such 
as iron, molybdenum, and cobalt. Although it is recogn~zed 
that these elements are required for alga1 nutrition, oile 
must not be caught in the misconception that "if a little 
is good, a lot is better." 

' ' I " , ' . . .  

Metals 

Metals reach the marine environment through a variety 
of routes, including natural weathering as well as municipal 
and industrial discharges. bfetals are particularly susceptible 
to concentration by invertebrates. Vinogradov's (1953)2g4 
classic work on the accumulation of metals by organisms 
in the marine environment has been expanded in more 
recent treatises (Fukai ancl Meinke 1962,lEG Polikarpov 
1966,94@ Bowen et al. 1971,12Y Lowman et al. 1971)."' 

Metals present in the marine environment in an 
similable form usually undergo bioaccun~ulation t h r o ~ _  
the food chain. Thus, elements present in low concentrations 
in the water may he accumulated many thousandfold in 
certain organisms. Estal~lished maximum permissible levels 
of some of these metallic ions render fish unacceptable for 
the commercial market (U.S. Department of Health, Edu- 
cation, and Welfare, Food and Drug Administration 1971 ,28G 
Kolbye 1970?00). Food and drug control agencies must 
impose stringent requirements on the content of certain 
hazardous elements, such as mercury, which, during 1970, 
led to conclemnation of much of the fish caught in waters 
of the Canadian Prairies and the southern Great Lakes. 
Much of the swordfish and a'bout 25 per cent of the tuna 
caught by the Japanese have exceeded the maximum per- 
missible limit (Mrallace et al. 197i ) .285 

Studies conducted on Atlantic salmon (Snlmo salar) in 
St. Andrew's, New Brunswick, show that low concentrations 
of zinc and copper mixtures will set up avoidance reactions 
(Sprague i 9 6 ~ , ~ ~ " ~ r a ~ u e  and Saunders 1 963?11). Adult 
salmon migrating to spawn can be diverted by low concen- 
trations of these base metals suc6 as those leached from 
mine tailings. There are indications that as much as 25 
per cent of spawning salmon (Salmo salar) may return to sea 
without going through the spawning act if concentration: 
of zinc and copper are high enough to induce avoid. . 

reactions (Sprague 1965).ZG8 There may be other - 
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.he marine 'environment. Certain of these chemicals may Forms of Chemical and Environmental Interactions 

mse no immediate danger but may lead to undesirable 
qnm-term changes. Others, such as boron, may pose serious 
:c hazards and yet have poorly understood biological 
ffe~.~z; in the marine environment. Nevertheless, they can 
:e .I significant constituent in certain waste waters and 
.itould be discussed here. .- . 

L ;le inorganic chemicals that have ixen considered in 
his study are listed alphabetically in Table IV-2; those 
nosr. significant to the protection of the marine environment 
re discussed below. 

rABLE IV-2-Inorganic Chemicals to be Considered in Water 
3 w l i t y  Criteria for Aquatic Life in the Marine Environment 

Elemenlr Equihbnum rpenes (raact~on) Natural concantrabon Polluhon 
In  rea walourp / l  categor~esb 

llum~num.. .......... AI(OH)a, ~olubl l i ly  of A l r 0 ~  approx. 30Upg/I 10 IV c 
\mmonia ............. NHa. NH4+ ..................... I V c  
\ntimony ............. Sb(0H)i- 0.45 lV c 7 
\rsenic.. ............. Aslor is oxidized to H A S O P  2.6 II c 
.ar~um ............... Ba* 20 IV c 
Ieryllium.. ........... Be(OH)?. solubility of Be0 cpprox. IOrg/ l  0.0008 lV c 7 
!ismulh. ............. 'BI(OH)J, solubility of B i l 0 ~  is unknown (low) 0.02 lV c ? 
loron.. B(OHZ, B(0H)r- 4 .5X lP  IV c . .............. 
jromine .............. BrO. HBrO. B r  6.7XlW I V c  
:admium.. ........... CdCP. CdC12, CdCB- (the last lwo are probably 0.02 II c 

the main forms) 
:alcium .............. Caw 4.1X10a IV c 
:hlori-. ........... Clo. HCIO ..................... IV c 
.hr ......... Cr(OH)3, solubility of Cr301 unknown (low) 0.04 lV c ? 
:otiL .......... Co* 0.4 IV c 
;cpper.. ............. CU*, CUOH+, CUHCOS+, c u ~ o ~ ( D r ~ b a b ~ y  main 1 IV c 

fnm)  CuCr ,  wmplaxad also by dirsolvad 
amno acids 

Cyanids ............ .. HCN (804;). CN-(10%) ..................... Ill c 
Fluoride.. ............ F- (50%). MtF+(50%) 1340 IV c 
Gold ................. AuCI?- .Dl-? IV c 
4ydropan ton (Adds). . HCI+HCO~+H~O+CI-+COS p H 4  (alk=0.0024 M) Ill c 

H~SO~+~HCOJ--~HIO+SO~*+~COI 
Iror. ................. Fe(OH)z, solublllty al FeOOH approx.5 ~ g / i  10 IV c 
Lead.. ............... Pb*, PbOH+, PhHCOa+, PbCOa, PbSO,, PbCr  0.02 l a  

, (probabiy main lorm) 
Magnesium ........... M p +  1.3X10' IV c 
Mangarma ........... Mn* 2 IV c 
Marcury .............. HgCIa. HgCIa-, HgCL" (main lorm) 0. t I b 
Molybdenum ........... MOO,?- 10 IV c 
'lickel ................ NI* 7 Ill c 
flitrela ............... NOa- S.lX101 Ill c 
Phosphorus.. ......... Red phosphorus reads slowly lo phosphate 

H z P O r  and HPOl* 
Sslenium: ............ SeOl* 0.45 Ill c ? 
Silicon.. ............. SIIOH),. SIO(0H)r- 1x103 IV c 
Silver ................ AgCIz- 0.3 Ill c 

..................... Sulflda ............... C I! c 
Thallium ............. TI+ 0.1 Ill c ', 
'ilanium.. ........... Ti(0H)r. soluhilily of T i 0 1  unknown (low) 2 lV  b ? 
Uranium.. ......... :. . UO?(CO3)34- 3 Ill c 
Vanadium ............ VOaOH- 2 iv  a 7 
Zinc.. ............... Zn*, ZnOH+, ZnCOa Z n C r  (probably main 2 111 c 

form) 

Thasa values are approximate but thay are rapresenlative for low laveis in unpolluted a a  water. ' 
b I-IV ordar 01 decreasing menace; a-worldwide, b-rational, c-local (coaslal, bays astuaries. sintie dumpings). 

.'indicates taromequestion of the ranking ara menace and/or whether (lie pollutional eflect is local, rational, or world. 
wide. 

rd modinad l romll(n Reportof the Seminar on Methods of Oetectian. Maasuramantand ~ b n l t o r i n ~ o f  
Pall. .r Ula Marina Enrironmant. Food and Agricuilure Organization 19711u. 

The form in which a chemical appears in the environment 
depends on the chemical and physical characteristics of the 
element, its stability, and the characteristics of the environ- 
ment in which it is found. An element that is easi1,y 'reduced 
or oxidized will undergo rapid changes, especially in sedi- 
ments that alternate.between oxidized and reduced states; 
while an element that is highly stable, such as gold: will 
retain its elemental identity in virtually all environn~cr.:al 
conditions. Most eie~nents are found in combined .stares, 
such as ore which can be a sulfide or a complex mineral 
containing oxygen, silica, and sulfur. 

Certain elements are released into the environment by 
the processing of ores. Cadmium, for example, is not found 
uncombined in nature to any large extent but is a con>- 
mercial by-product of zinc smelting. Other metallic ele- 
ments can be brought into solution by the action of bacteria. 
Contamination from base metals may arise in abandoned 
mines, where tailings or slag heaps are attacked by physical 
and chemical weathering processes and bacteria to allow 
leaching of metallic ions into receiving waters. In  strip 
mining, sulfides are oxidized to produce sulfuric acid, which 
may be a pollutant in itself or help to bring certain elements 
into solution. 

The action of bacteria also transforms metals in another 
way. In anaerobic sediments, bacteria can convert in- 
organic metallic mercury into methyl mercury compounds. 
Such organo-metallic complexes are highly toxic to mam- 
mals, including man. 

Biological Effects 

Acute toxicity data for inorganic chemical compounds 
under controlled laboratory conditions, as represented for 
example by 96-hour LC50, are presented in Appendix 111, 
Table 1, (pp. 449-460). Because of the lack of marine data, 
most of the information is based on fresGwater bioassay 
data, which provide some measure of acute toxicity for the 
marine environment as-well. 

The concentrations of elements at which sublethal, 
chronic effects become manifest are also important. Sub- 
lethal concentrations of pollutants can have serious conse- 
quences in estuaries where mibating anadromous fishes 
linger to become acclimatized to changing salinities. Al- 
though the fish may not be killed outright, the stress of 
the sublethal concentrations may cause biochemical and 
physiological deficiencies that could impair life processes 
of the fish, preventing migrating adults from reaching their 
spawning grounds or reproducing. Pippy and Hare (1 969)247 
suggested that heavy metals put fish under stress and may 
lead to infestation by diseases. Appendix 111, Table 2 
(pp. 461-468), summarizes data on the sublethal chronic 
effects of inorganic chemicals on fish and other aquatic 
organisms. As in Appendix 111, Table 1, information on 
freshwater organisms has .been included because of the 



TEMPERATURE AND HEAT 

An extensive discussion of heat and temperature is pre- 
sented in Section I11 on Freshwater Aquatic Life and 
Wildlife (pp. 151-1 7 1). Although we accept those recom- 
mendations concerning temperature, there are certain char- 
acteristics of the marine environment that are unique and 
require enumeration. Some of the characteristics of the 
marine environment have been discussed in the introduction 
to this Section showing that the range of variability is 
greatest in the estuary, considerably less in the coastal 
waters, and even less in the surface waters of the open 
ocean; and that conditions in the deep ocean are virtually 
constant. Among the most important variables shown in the 
changes is temperature, although salinity variations are 
equally important under certain conditions. 

The seasonal range of temperature variations is greatest 
in the temperate regions and becomes less as one approaches 
either the tropics or the poles. In the United States, the 
maximum seasonal temperature variation is found in the' 
coastal waters on the southern side of Cape Cod, Massa- 
chusetts, where in winter the water may be freezing at 
-2.8 C and in summer the inshore coastal waters reach 
temperatures of 23 C, or even 25 C over wide shoal areas. 
At the same latitude on the Pacific coast, the water is neither 
so cold in the winter nor so warm in the summer. North 
of Cape Cod, the water is as cold in the winter time, but it 
does not reach as high a summer temperature; and south 
of Cape Cod the waters rarely reach a freezing point in 
winter. 

Hutchins (1947)lo0 discusses these ranges of variations 
and illustrates how they affect geographical distribution of 
marine species on the Atlantic European coasts and on the 
east and west coasts of the United States. As is obvious from 
the above comments, Cape Cod is a geographical boundary 
in the summertime but not in winter. Because temperature 
can control both the breeding cycle and survival of orga- 

for cooling purposes. In 1969 there were over 86 fossil fuel 
power plants k~ the eastern coastal zones (Sorge 1969)1°' 
and 32 on the west coast (Adams 1969).03 In addition, 
nuclear power plants are in operation, and many more are 
planned for siting I n  the coast in the future. Provided that 
the temperatures are kept within the limit prescribed in 
the recommendations and that the recommendations fof 
mixing zones (pp. 228-232) are complied with, these heated 
effluents may have no serious impact on the marine en- 
vironment. However, organisms passing through the cooling 
system of the power plants may be killed either by the direct 
effect of temperature, by pressure changes in the system, or 
by chlorination if it is used to keep the cooling system free 
of attached growth. 

In  the tropics, disposal of waste heat in the marine 
vironment may be impossible in the summertime. BL 
and Roessler (1972)09 discussed the temperature problems 
created by the power plants at Turkey Point, near Miami, 
Florida. Thorhaug et al. (1972)1°? showed that tropical 
marine organisms live- precariously close to their upper 
thermal limit and are thus susceptible to the stress of ad- 
ditional thermal effluents. To abide by the temperature 
recommendations in tropical waters, it is generally neces- 
sary to prohibit discharge of heated effluents during the 
summertime. 

I t  is clear from this and from the discussion in Section 
I11 that additional studies will be needed on the temperature 
tolerances of the species directly involved. Organisms from 
estuaries and marine waters have not been studled as 
extensively as have freshwater fishes, but some data are 
included in the tabular material in the freshwater report. 
On the basis of information available at this time, the 
marine panel'finds that the recommendations in Section 
111, Freshwater Aquatic Life and Wildlife, appear to be 
valid for the estuarine and marine waters as well (see pp. 
160, 161, 164, 165, and 166-1 71 of Section 111). 

nisms, a variety of different geographical distributions can 
be dominated by the temperature variations at various 

INORGANIC CHEMICALS, 'INCLUDING HEAVY METALS 

locations along the coast (Hutchins 1947) .IW 
AND pH 

There is increasing pressure to site power plants in the The hazardous and biologically active inorganic C] 

coastal zone because of the large available supply of water cals are a source of both local and world-wide threo - 



'hvsioiogical Processes which used young, newly developing kelp as food. When the 

Interference with various physiological processes, with- urchins were killed, the kelp beds developed luxurious 

)ur. -'-.essarily causing death in a bioassay test, may also growth within a few months .(see p. 258). 

n~ : with the survival of the species. If photosynthesis 
f the phytoplankton is inhibited, algal growth will be de- 
.reased, and tile popula~on may be grazed to estinction 
rithout being di;ectly killed by the toxin. 

Respiration or various other enzymatic processes might 
.Is0 be adversely affected by sublethal concentrations of 
lollutants. The ~Rect  of DDT and its decomposition pro- 
.ucts on the shells of bird eggs is probably the result of 
nterference with enzvme systems (Ackefors et al. 1970).8s 
dercurv is a general protoplasmic poison, but it has its 
nost damaging effect on the nervous system of mammals. 

ienetic Effects 

Many pollutants produce genetic effects that can have 
3ng range significance for the survival of a species. Oil and 
ther  organic pollutants may include both mutagenic and 
arcinogenic compounds. Radioactive contamination can 
ause mutations directly by the action of the radiation on 
he genetic material. From genetic studies in general, it is 
nown that a large majority of mutations are detrimental 
o the survival of the young, and many are lethal. Little is 
.nown about the intensity or frequency of genetic effects of 
lollutants, except for radioactive materials where the muta- 
ion rates have been measured in some cases. Induction of 
nut.-*ion by contaminants should be reviewed in the con- 
e? he increase of total mutation from all causes. . 
Writion and Food Chains 

Pollutants may interfere with the nutrition of organisms 
)y affecting the ability of an organism to find its prev, by 
nterfering with digestion or assimilation of food, or by con- 
aminating the prey species so that it is not accepted by the 
redator. On the other hand, if predator species are elimi- 
iated by pollution, the prey species may have an improved 
:hance of survival. An esarnple of the latter effect was 
ohown for the kelp resurgence after the oil spill in Tampico 
3ay, California (North 1 967).83 The  oil killed the sea urchins 

Effects on the Ecosystem 

The effects of pollution on the aquatic ecosvstem are the 
most difficult to evaluate and establuh. Each environment 
is somewhat different, but the species inhabiting any given 
environment have evolved over long periods of time, and 
each individual species in a co~nrnunitv plays its own role. 
Any additional stress, whether ilatural or man-made, ap- 
plied to any environment will tend to eliminate some species 
leaving only the more tolerant forms to survive. The effect 
mav be either direct on the species involved or indirect 
through the elimination of some species valuable as a food 
supply. For some of the species in the system the result may 
be beneficial by the removal of their predators or by stimu- 
lated and accelerated growth of their prey. 

Food Value for Human Use 

Sublethal concentrations' of pollutants can so taint sea- 
food that it becomes useless as a source of food. Oil can be 
ingested by marine organisms, pass through the wall of the 
gut, and accumulate in the lipid pool. Blumer (1971)B8 
stated that oil in the tissues of shellfish has been shown to 
persist for months after an oil spill; the oil-polluted area 
was closed for shellfishing for a period of 18 months. Sea- 
food may be rendered unfit for human consumption be- 
cause of the accumulation of pollutants. California mackeral 
and coho salmon from Lake Michigan were condemned 
because they contained more DDT than the permissible 
amount in human food (5 mg/kg). Likewise tuna fish and 
swordfish were removed from the market, because the 
mercury content of the flesh exceeded the allowable con- 
centration (0.5 mg/kg). There was no evidence that these 
concentrations had any adverse effect on the fish, or in the 
case of mercury that the concentrations in tuna and sword- 
fish resulted from pollution; nevertheless their removal 
from the market has adversely affected the economics of the 
fisheries. 
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behavior alterations, emergence, salinity variations, turb- 
idity, water movement, and other factors, depending on the 
organisms being studied. 

The response or responses to be observed during long- 
term testing must be carefully chosen. A prime requirement 
is that the response being measured bear a demonstrable 
and preferably quantitative relationship to the survival and 
productivity of the test organism or of an organism which is 
directly or indirectly dependent on its activities. For es- 
ample, a correlation may exist between the level of a test 
material and the amount of an enzyme present in some tis- 
sue. This is clear evidence that the organism's pattern of 
energy utilization has changed, but it should be demon- 
strated that the change in enzyme level is correlated with or 
predictive of changes in growth, behavior, reproduction, 
quality of flesh, or some other manifestation to provide an 
immediately meaningful interpretation. 

The  degree to which a response can be reported in quan- 
titative terms affects its usefulness. Behavior, because of a 
high degree of variability, is much more difficult to express 
numericallv than growth; and growth nieasuremknts are 
usually disruptive of the system or destructive of the orga- 
nism. A balance must be sought for each system so that 
enough organisms and replicate treatments can be used to 
assure an  acceptable level of statistical confidence in the 
results. Considerations of equipment required, rapidity, 
and simplicity of measurements, the inherent (control) 
variability of the characteristic being measured, and possible 
interference with the measurement by the substance being 
tested must enter into the choice of measurements and their 
frequency. 

Biological characteristics that can be measured are in- 
numerable, but some may be singled out as being more 
basic than others. When a given characteristic reflects many 
diverse processes, it is most useful in interpreting results in 
terms of environmental protection. Thus, measurements of 
reproductive success, growth, life span, adaptation to en- 
vironmental stress, feeding behavior, morphology, respira- 
tion, histology, genetic alterations, and biochemical anom- 
alies occupy a descending scale in order of tile confidence 
that can be placed in their interpretation. This is not to say 
that profound changes in the structure and function of an 
ecosystem cannot result from subtle, prolonged, low in- 
tensity effects on some cellular process. The elimination ot 
important species by low intensity selective factors is no 
less serious than instantaneous death of those species. In  a 
sense, it is more serious, because it is less likely to be noticed 
and traced to its source in time to permit recovery of the 
ecosystem. 

SUBLETHAL EFFECTS 

Many biological effects.of pollution may not show up in 
the bioassay test for acute toxicity. This would be true if the 
effect were slow to develop, or if the effect were to produce 

a general debility that might interfere with some of thr 
normal life functions of the organism rather than killing i f  
directly. Long-term exposure to sublethal concentrationc. 
may be necessary to produce the effect, and evaluatior 
this type of action is difficult in a laboratory analysis. The,. 
are 'a number of ways in which pollutants might affect a 
given population without being lethal to the adult organism 
used in the test such as: 

Migrations 

Sublethal concentrations may interfere with the normal 
migration patterns of organisms. The mechanisms used for 
orientation and navigation by migrating organisms are not 
well known, but in some cases chemotaxis clearly plays an 
important role. For example, salmon and many other 
anadromous fishes have been excluded from their home 
streams by pollution, though it is not known whether the 
reason is that. a chemical cue has been masked or because 
the general chemical environment of pollution is offensive 
to the fish. 

Behavior 

Much of the day-to-day behavior of species may also be 
mediated by means of chemotaxic responses. The finding 
and capture of food or the finding of a mate during the 
breeding season would be included in this category of ac- 
tivity. Again, any pollutant that interfered with the chemo- 
receptors of the'.organism would interfere with behavioral 
patterns essential' to.the survival of the population. 

Incidence of Disease 

Long-term exposure to sublethal concentrations of pollu- 
tants may make an organism more susceptible to a disease. 
I t  is also possible that some pollutants which are organic in 
nature may provide an environment suitable for the de- 
velopment of disease-producing bacteria or viruses. I n  such 
cases, even though the pollutant is not directly toxic to the 
adult organism, it could have a profound effect on the popu- 
lation of the species over a longer period of time. 

Life Cycle 

The larval forms of many species of organisms are much 
more sensitive to pollution than are the adults, which are 
commonly used in the bioassay. In many aquatic species 
millions of eggs are produced and fertilized, but only two 
of the larvae produced need to grow to maturity and breed 
in order to maintain the standing stock of the species. For 
these species the pre-adult mortality is enormous even under 
the best of natural conditions. Because of an additional 
stress on the developing organisms, enough individuals 
might fail to survive to maintain the population of the 
species. Interrupting any stage of the life cycle can be as 
disastrous for the population as would death of the a t  ' - 
because of acute toxicity. 



late local natural changes or intermittent discharges to be 
xpected. Adequate modelling of a particular environmental 
lrcurnstance often requires varying degrees of delay be- 
.vt ,e time of test material addition and exposure of the 
-ca~..~ms. 
Duration of chronic toxicity studies is determined by the 

fe span and reproductive cycle of the organism chosen. 
licro-organisms have relatively short life cvcles but may 
qui re  several generations to deplete metabolite reserves 
nd show masimum response. A greater variety of measure- 
ents can be used in long-term than in short-term testing. 

'his variety, together with the longer period available for 
sponse and the certainty of testing the most sensitive life 
:age, serves to increase both the sensitivity and relevance 
f such tests. Differences in sensitivity between species, that 
lay be evident in short-term tests, tend to narrow as the 
sts approach a full life cycle. 
The maintenance of a resident population of sensitive 

rganisms in an effluent stream or portion of a natural 
tream receiving' effluent, can create a long-term flow- 
hrough bioassay. This technique is primarily useful as a 
erification of safety based on other estimates, but because 
le response time may be long, the results are of little use 

{here rapid feedback of information is essential. 

The  bioassay system may be compartmentalized for pur- 
JF ' design into (1) the substance to be tested, (2) the 
nv. .ment into which it will be introduced, (3) the orga- 
ism(s) which will be exposed to the resultant system, and 
1) the observations to be made. Each affects and is affected 
ly the others. 

The chemical and physical nature of the material to be 
s ted has a bearing on the way it will distribute in nature 
nd in the test system-and thus on which organisms will 
ncounter it and in what form it will be. For example; a 
ure substance, highly soluble in water, may be tested for 
:s effect directly on organisms inhabiting the water column. 
r material which precipitates rapidly may be readily 
 aila able to organisms which ingest the precipitate and 
esolubilize it under conditions prevailing in the digestive 
ract. Materials which are only slightly soluble are often 
eadilv available to micro-organisms which have a high 
~rface-area-to-volume ratio and are capable of taking 
p some substances at  exceedingly low (1W8 to 10-lo M) 
~ncentrations. A highly hydrophobic material which is 
eadily adsorbed to sediments or detritus may appear in 
-ee solution to only a limited extent or for a short time and 
xert a prolonged direct effect mainly on those organisms 
~hi'ch inhabit sediments or which process sediments or 
etritus for food. Valid interpretation of bioassay results 
equires sensitive and highly specific analytical chemistry as 
bar' " the procedure. Results obtained for any bioassay 
~ rg  - n are subject to question if  anomalous behavior of 

the substance tested or the organisms used are subsequently 
established. 

The organism for bioassay should be chosen on the basis 
of the relationship of its life xages to the various toxicant 
compartments and information desired. Organisms will be 
useful if they are readily availabie and can be reared and 
propagated in the laborator!:. 711c size of the organisms in 
r::lation to availabie facilities \\ii: in part dictate a choice. 
.Ail too often, these have been t ~ ~ t .  primary if not the only 
conhiderations. There is a temptation to give priority to or- 
ganisms that are available from standard sources with a 
known genetic line or from a single clone. This approach is 
essential when using bioassay as an analytical tool. How- 
ever, it is a distinct liability when performing measurements 
of biological effect in natural environmental situations. Such 
organisms have necessarily undergone selection for traits 
that favor survival in artificial environments with no selec- 
tive advantage given to the capacity to adapt to alterations 
in those environments. Furthermore, physiologically dis- 
tinct races often develop in nature in response to character- 
istics of different localities. Maintenance of laboratory ) 

stocks may be necessary, but these stocks should be fre- 
quently renewed from fresh isolates representing the gene 
pool and enzymatic adaptations of the inhabitants of the 
particular water mass to which recomn~endations are to be 
applied. 

The organisms used should be drawn from those that are 
most sensitive or respond most quickly to the substance or 
condition being tested. Bioassays of various life stages of 
these sensitive organisms are desirable. It  is especially im- 
portant that life stages to be tested include those that will 
most probably encounter the test material as it is expected 
to be found in the environment, and that the test organisms 
be acclimated to the test system until the characteristics to 
be measured become constant. 

Some of the foregoing recommendations for selection as- 
sume that the developmental biology of the test organism is 
known. This is not often so in marine biology. Organisms 
should not be excluded from consideration if their absence 
would leave no representatives of local species which tolerate 
the extremes in ranges of natural environmental stress or 
which fill an important ecological niche. 

Once an understanding of both the test material and the 
bioassay organism is established, a test s\.stem usualiv can 
be designed that will permit the organism to encounter the 
test material under circumstances approximating those in 
nature. In  some cases it will be necessars to go to the natural 
water system or to impoundments, live cars, or plastic bags 
in order to obtain a workable approximation of environ- 
mental exposure. Care should be taken that the physical 
system does not interfere with the distribution of the test 
material or the behavior of the organism. The system se- 
lected should reflect in all important aspects the habitat to 
which the test organism has become adapted. Factors of im- 
portance include feeding behavior, opportunity for diurnal 
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material. This is difficult and often impossible in the bio- 
assay of materials obtained from the environment. 

Bioanalysis bas potential in measudng pollutants in ma- 
terials to be discharged to the environment. For toxic ma- 
terials, the amount of material relative to the biomass of the 
test organism must usually be controlled, because most 
toxicants exhibit a threshold effect. I t  is usual to determine 
the concentration of material at  which some fraction of the 
maximal effect (commonly 50 per cent) occurs in a popula- 
tion of known and constant biomass. The fact that far 
lower concentrations present for a longer time might ulti- 
mately produce the same effect does not invalidate this 
type of assay, because quantitation is obtained by com- 
parison with standard curves. I t  should, however, be real- 
ized that in the presence of detoxification mechanisms, the 
assay should be conducted for a period of time at which the 
desired effect (such as 50 per cent inhibition) occurs at the 
lowest possible concentration. 

In assays of materials for which an organism has a natural 
or induced requirement, it must first be established that of 
all substances which could be present in the sample, only 
one can produce the response measured. Second, no sub- 
stances present should reduce the availability of the ma- 
terial. If the first of these conditions is satisfied, the second 
can often be approached using a "system of adds" in which 
a graded series of concentrations of standard material are 
added to the unknown amount of material in the sample. 
The intercept of the response curve with the concentration 
axis is a measure of the amount present in the sample. 

If zero response is at  a finite concentration, a biologically 
effective threshold concentration (zero) must be used which 
has been derived from a separate experimental series in the 
same medium devoid of unknown amounts of test material. 

Bioassays which measure the biological eject of a sub- 
stance or mixture on a single organism ol! artificial ecosystem 
can be used to establish water quality criteria, to monitor 
compliance with standards stated in terms of biological 
effect, or to measure the relative effects of various materials. 
Natural processes of equilibration, chemical degradation, 
and physical adsorption are specifically desired, because it 
is the biological efect rather than the amount of test material 
that is of concern. The observed effect will be determined by 
the availability of the material, the rate of formation or 
degradation, and the effect of chemical by-products; and 
by alterations of the environment caused by addition of the 
material. Whether conducted in the laboratory or in the 
field, this type of bioassay is perfo~med on time scales Gary- 
ing from determinations of acute toxicity (commonly 96 
hours or less) through determinations of incipient LC50 
levels (Sprague 1 969,B4 1971 D8), and on time scales which 
include multiple generation chronic =posures. Each of 
these has its own utility and limitations. 

Short-term determinations of TLm or TL50 values are 
primarily of value in comparing toxicities of a number of 
formulations which have similar modes of action. They are 
also useful in determining the dilJtion to be employed 
long-term, flow-through exposure and in comparirls 
sensitivities of various life stages of the same organism. In 
practical terms, each life stage must be considered a physio- 
logically distinct organism with its own particular environ- 
mental requirements: immature stages commonly have 
quite a different habitat and may have different sensitivity 

It  has been common practice to use information from 
acute tosicity studies to establish concentrations tolerable 
for natural waters. This is done by multiplying the level 
found in the bioassay by some more or less arbitrary "appli- 
cation factor" (Henderson 1 957,01 Tarzwell 1 96287). Re- 
cently, there have been attempts to establish the application 
factor esperimkntally (Mount 1968,g2 Brungs 196980). Ap- 
plication factors are discussed in Section 111, Eresh,y,al$~~. 
Aquatic Life and Wildlife, and that discussion is applicable 
to the marine system. If, in the process of conducting these 
assays, organisms are periodically removed to an uncon- 
taminated medium, the time of exposure which the orga- 
nism can withstand and still survive, should it escape the 
pollutant or should the pollutant degrade rapidly after a 
single addition, can also be estimated. 

Determination of incipient LC50 is a valid measurement 
of acute toxicity, because the assay is continued until maxi- 
mum effect is observed at any given concentration (Sprague 
1 969,04 1970,O5 197 1 9 6 ) .  These bioassays must be condu 
under conditions of continuous flow, because the degreL 
response cannot be limited by the absolute amount of toxi- 
cant available in the system or by the relationship between 
biomass and absolute amount. In practice, the technique is 
most applicable to compounds which reach equilibrium 
rapidly. Otherwise, it takes a long time to achieve maximum 
effect at low tqxic,ant levels. Here, too, application factors 
are needed to u$e data from bioqssayed concentrations in 
estimating levels for environmental protection. Theoreti- 
cally, application factors account for variations in sensitivity 
between the life stage tested and that life stage'or develop- 
mental period during which the organism is most sensitive 
to the compound or conditions. Applicatioi~ factors should 
also safely permit a range of naturally-occurring environ- 
mental variations thht would increase sensitivity. 

Long-term 'bioassay, in which the organism is kept 
through at least one complete life cycle under conditions of 
continuous-flow esposure, is perhaps the closest but most 
conservative laboratory approach to estimating environ- 
mental hazards. Where a chemical or physical attraction 
occurs or where the population is sessile or restricted by 
hydrographic features, continuous esposure to freshl) 
added material will be a realistic model. However, when 
the organism might escape in nature, such a captive ex. 
posure will be unrealistic. The experimental cond; ' '* 

chosen may either be held constant or varied to apl 



METHODS OF ASSESSMENT 

It  is the purpose of this discussion to explain the ap- ACUTE TOXICITIES-BIOASSAYS 
oaches considered in deriving the recommendations ~ i v e n  Detailed methods for laboratory bioassavs are described 
this Section. Because the biological effects of a pollutant in Section Freshwater Aquatic Life and Wildlife, and 
e manifest in a variety of ways, the specific technique to can serve as guidlines for application to the marine system. 
: used in estimating biological impact must be tailored to The ability to extrapolate from results of bioassay tests is 
~ c h  specifi~problem. For esample, acute or lethal toxicity limited, and the need for safety factors in their appIication 
a given pollutant to a marine species can be evaluated by to the environment must be emphasized. The methodologies 
art-term bioassay in the laboratory designed to deter- discussed are illustrative and should be considered as guide- 
ine the concentration of the material which is lethal to 

lines for meaningful bioassays. 
"f of the ~e'ected ~ o ~ u ' a t i o n  in a fixed period of time, ~h~ most important of bioassays for water 
~mmonly four davs (LC50-96 hours). The "safe" limit 

quality are : 
ill be much lower than the concentration derived in such 
bioassay, and appropriate safety factors must be applied. 
5 limit should permit reproduction, growth, and all 
3r. life processes in the natural habitat. 
When a pollutant is discharged to the environment at a 

ife concentration determined in this way, the living or- 
anisms are esposed to a chronic, sublethal concentration. 
ome stages of the life cycle of the species to be protected, 
lch as the eggs or larvae, may be more sensitive than the 
dult stageg. It  is sometimes possible to identify the critical 
fe stage which can then be used in a bioassay. Long-term 

analysis of the concentration of a specific material in 
natural waters by means of a biological response; 
detection of toxic substances in organisms used as 
food for man; 
analysis of the suitability of natural waters for the 
supPoit of a given species or ecosystem; 
determination of critical toxic levels of substances to 
selected species ; 
evaluation of bio-stimulation effects by materials 
such as nutrients. 

ioassays covering a substantial part of the life cycle of the These purposes fall into two general categories: bio- 
rganism can be conducted in the laboratory to determine analysis and bioresponse. 
hronic sublethal effects of pollutants. Various processes 
; the organism, such as respiration, photosynthesis, or 
ctivity may be used to evaluate sublethal eflects. Some 
Ingterm chronic effects may be more subtle and more diffi- 
ult to evaluate uncler laboratory conditions. Esamples of 
his type include changes in breeding or migratory behavior 
r the development of a general debility making the orga- 
isms more suceptible to disease, predation, or to environ- 
nental stresses. 

A pollutant in the marine environment may also have an 
ffect on the ecosystem not directly associated with its effect 
Jn an individual species. Ecosystem interactions are diffi- 
ult to assess in the laboratory, and techniques for evaluat- 
ng them in the field are not completely satisfactory. Such 
ntp -rions must be considered, 'however, in applying 
.ec---   end at ions to any specific situation. 

Bioanalysis has been used for many years to measure 
effects of substances on organisms. These assays may give 
quantitative measurements, such as weight per volume, or 
be expressed in arbitrary units defined by the degree of . 
response. They are most valuable when the organism re- 
sponds to a lower concentration than can be detected by 
available chemical or physical techniques. Such bioassays 
require carefully controlled procedures, and organisms and 
experimental conditions must be standardized. Responses 
are used that have been shown to have a correlation with . 
the amount of test substance present. Preparation of test 
materials is rigidly controlled to avoid problems arising 
from synergists or antagonists administered with the test 
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zone withou; being subjected to a time-exposure history that 
that would produce unacceptable effects on the population T50, C, E fl(C). - - 
of these species in the water-body. 

Conservative estimates of ACo or of k can be obtained < In order to quantify this statement, the following quanti- 
pendent upon decisions as to acceptable effects from aa 

ties are defined: 
tional laboratory studies.. Once LC0 or k have been estab- 

T50,C,E= time of esposure of a critical aquatic or 
marine species to a concentration, C, of a 
given pollutant. under a constant set of en- 
vironmental conditions, E, which produces 
50 per cent mortality of the critical species. 

TO,C1.E= time of exposure of a critical aquatic or 
, marine species to a concentration, C', of a 

given pollutant, under a constant set of en- 
vironmental conditions. E, which produces 
no ztnaccePtable effects on the critical species. 

For some pollutants, C and C' for a given time of expo- 
sure may be related by: 

where ACo is the amount by which the concentration which 
produces a 50 per cent mortality must be decreased in ordei 
that no unacce/table effects of the pollutant on a given critical 
species will occur. For example, in the case of temperature, 
it has been shown that at temperatures 2 C below those 
which produce a 50 per cent mortality, no observable 
detrimental effects occur. For temperature, then, 2 C is a 
conservative value of ACo. 

For other pollutants, notably chemical toxicants, C' is 
related to C by the relationship: 

' C1=k.C-'  

lished, the rela;ionship C'=C- ACo, or the relationships 
C1=k.C, depending on the properties of the particular 
waste materials, can be combined with the above equation 
relating T50, C, E and C, to produce an equation relating 
TO, C', E and C'. That is: 

TO, C', E=f2(Cf). 

This equation gives the maximum time that a particular 
species could be exposed to a concentration C' without re-' 
sulting in unacceptable effects on the population of this 
species. The water quality recommendations for the mixing 
zone are satisfied (if, for any organisms carried through the 
mixing zone with the fiow or purposefully moving through 
the zone, the time of exposure satisfies the relationship 

time of exposure 
f2(Cf) 

where C' is the concentration of a specified pollutant in the 
mixing zone. 

Because, in fact, the concentration in the mixing zone 
decreases with distance from the point of discharge, and 
hence organisms carried through the plume will be sub- 
jected to concentrations which are continually decrea~' 
with time, a more suitable quantitative statement of w, 
quality characterGti'cs necessary for the mixing zone is: 

where k.is the ratio of the concentration at which no un- i ~ 1  AT2 AT3 ATn. 
accejlable effects occur to the concentration which produces 1 >- +---;-+-. . .- 
a 50 per cent mortality with both concentrations deter- 

f2(Ctl) f?(C ?) f2(C 3) f2(Ct.n) 

mined over the same exposure time. 
1 

It  is difficult to establish with statistical confidence a re- 
1ationship.between TO, C', E and C', for a large number of 
species, by direct laboratory experiments. However, labora- 
tory experiments can be used to determine, for the critical 
species of the receiving waterbody, the relationship between 
pollutant concentration and the time period of exposure 
necessary to produce a 50 per cent mortality. Thus, it is 
necessary to obtain, by experiment, the form and constants 
of a function of the pollutant concentiation, fi(C), such 

where the time df exposure .of an organism passing through 
the mixing zone has been broken into n increments, AT1, 
AT2, AT3,.etc. long. The organism is considered to be ex- 
posed to concentration C'1 during the time interval AT1, to 
concentration C'q during the time interval AT2, etc. The 
sum of the individual ratios must .then not exceed unity. 

The above theory is applied in the recommendations and 
examples in Section 111 on Freshwater Aquatic Life and 
Wildlife, pp. 112-115, and in the ~ r e s h ~ a t e r  Appendix 
11-A, pp. 403-407. 
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lrirm is more rapid, the system will reach steady-state more 
luickly, but the concentration for a given rate of addition 
lriil be less. If the material is not persistent, the rate of 
.el osition may be more important than circulation in 
e .Ining the steady-state concentration. If the products 
lilecomposition are persistent, however, these will accumu- 
Ice to levels greater than those in the original discharge. 
.ocal concentrations, such as can be found in the deeper 
iaters of stratified systems or in trapping embayments, may 
le more significant than the average concentration for the 
Phoie system. In short, the recommendations cannot be 
.sed to determine the permissible amount of a pollutant to 
le added or a rate of addition without detailed knowledge 
,f the specific system which is to receive the waste. 

nixing Zones 

When a liquid discharge is made to a receiving system, 
zone of mixing is created. In  the past, these zones have 

requently been approved as sites of accepted loss, exempted 
rom the water quality standard for the receiving water. 
'hgsical description, biological assessment, and manage- 
nent of such zones have posed many difficult problems. 
"he following discussion deals with criteria for assuring that 
lo significant damage to marine aquatic life occurs in such 
nixing zones. Although recent public, administrative, and 
cientific emphasis has focused on mixing zones for the dis- 
,ersion of waste heat, other uses of the mixing zone concept 
ire also included in these considerations. 

'aition of a Mixing Zone A mixing zone is a 
.eg in which an effluent is in transit from the outfall 
ource of the receiving waters. The effluent is progressively 
liluted, but its concentration is higher than in the receiving 
vaters. 

Approach to the Recommendation Mixing zones 
.ust be considered on a case-by-case basis because each 
,reposed site involves a unique set of pertinent considera- 
ions. These include the nature, quantity, and concentra- 
.ion of the effluent material; the physical, chemical and bio- 
ogical characteristics of the mixing, area and receiving 
vaters; and the desired uses of the waters. However, the 
~l lowing general recommendation can be established for* 
b e  purpose of protecting aquatic life in areas where effluents 
ire mixing with receiving waters: 

The total time-toxicity exposure histosy must not cause dele- 
terious effects in affected populations of important species, 
including the post-exposure eJects. 

Meeting the Recommendation Special circum- 
stances distinguish the mixing zone from the receiving 
waters. In the zone, the duration of exposure to an effluent 
may be quite brief, and it is usually substantially shorter 
than in the receiving waters, so that assays involving long 
~e r iods  of exposure are not as helpful in predicting damage. 
In --'?ition, the concentration of effluent is higher than in 
re lg waters. Therefore, the development of specific 

requirements for a specific mixing zone must be based upon 
the duration of the esposure of organisms to the 
effluent'as well as on the toxicity of the pollutant. 

The recommendation can be met in two ways: use of a 
probably-safe concentration requirement for all parts of the 
mixing zone; or accurate determination of the real concen- 
trations and duration of exposures for imporrant species and 
good evidence that this time-toxicity exposure is not de- 
leterious. The latter, more precise: approach to 1nee:ing the 
recommentation will rcquire: 

. determination of the pattern of exposure of impor- 
tant species to the effluent in terms of time and con- 
centration in the mixing zone; . establishment of the summed effects on important 
species ; 

0 determination that deleterious effects do not occur. 

Complexities in the Marine Environment Some 
of the problems involved'in'protecting marine aquatic life 
are similar to those in lacustrine and fluvial fresh witeis and, 
in general, 'the recommendations in ~ec t ion  111, pp. 112- 
1 15 are applicable to marine situations. There are, however, 
special complexities in evaluating mixing zones in coastal 
and oceanic waters. These include:' 

the exceptional importance of sessile species, espe- 
cially in estuaries and near shore, where effluents 
originate; 
the presence of almost all species in the plankton at 
some stage in the life history of each, so that they 
may be entrained in the diluting waters; 
obligate seasonal migrations by many fish and some 
invertebrates; 
oscillation in tidal currents, mixing mechanisms and 
in resulting concentrations, dilution rates, and dis- 
persion patterns. 

None of these affect the general recommendation, but 
they do contribute to the difficulty of applying it. 

Theoretical Approach to Meeting the Recom- 
mendation Any measure of detrimental effects of a 
given concentration of a waste component on aquatic or 
marine organisms is dependent upon the time of exposure 
to tha't waste concentration, at least over some restricted 
but definable period of time. For a given species and sub- 
stance, under a given set of environmental conditions, there 
will be some critical concentration below which a particular 
measure of detrimental effects will not be observed, regard- 
less of the duration of exposure. Above the critical concen- 
tration, the detrimental effects will be observed if the ex- 
posure time is sufficiently long. The greater the concentra- 
tion of the substance, the shorter the time of exposure to 
cause a specified degree of damage. The water quality 
characteristics for mixing zones are defined so that the or- 
ganisms to be protected will be carried or move through the 

1 .  
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logical processes. The average concentration is not always 
the critical concentratign to be evaluated. For example, if 
bioaccumulation occurs, the amount accumulated in the 
criticall organism should be evaluated, rathek than the aver- 
age concentration in the system as a whole. The processes 
of circulation and mixing may leave relatively high concen- 
trations in one part of the system and low concentrations in 
another. The average conditions thus set an upper limit on 
what can be added to the system but do not determine the 
safe limit. It  is clear, however, that a pollutant might be 
added to a body of water with vigorous circulation at a rate 
that could result in acceptable water quality conditions, 
while the same rate of addition of the pollutant to a sluggish 
stream might produce unacceptable levels of contamination. 
Thus, the characteristics of the receiving body of water 
must be taken into account when evaluating the effects of 
the pollutant upon the environment. 

In a stream, the diluting capacity of a system is relatively 
easy to determine from the rate of addition of the pollutant 
and the rate of stream flow. The pollutant is carried down- 
stream by the river flow, and "new" water is always avail- 
able for the dilution of the pollutant. This is not necessarily 
true of lakes where the pollution added over a long period 
of time may accumulate, because only a small fraction of the 
added pollutant may be removed as a result of flushing by 
the outflow. In estuaries, the situation is further compli- 
cated by the mixture of salt and fresh water, because a 
pollutant added at a mid-point in the estuary can be carried 
upstream by tidal mixing just as the salt is carried up- 
stream. The upstream distribution of a conservative pollu- 
tant is porportional to the upstream distribution of salt, 
whereas the downstream distribution of the pollutant is 
proportional to the downstream distribution of fresh water. 

In either lakes or estuaries, the average retention time or 
the half-life of the material in the system can be used to 
estimate the average concentration that the pollutant will 
achieve in the system. In lakes, an estimate of the average 
retention time can be derived from the ratio of the volume 
of the lake divided by the rate of inflow (or outflow). When 
the lake is stratified, only part of the volume of the lake 
enters into the active circulation, and an appropriate cor- 
rection must be made. In estuaries and coastal waters, a 
similar calculation can be made by comparing the volume 
of fresh water in the estuary with the rate of river inflow. 
The amount of fresh water in any given sample can be com- 
puted from the determination of salinity. In stratified estu- 
aries such as a fjord, only the part of the system that ,is 
actively circulated should be taken into account. This may 
be adequately done by the choice of the appropriate base 
salinity in computing the fresh water content. Examples of 
the mean retention time of a few bodies of water calculated 
as described above are presented in Table IV-1. 

Lakes with large volumes superficially appear to have a 
great capacity to accept waste materials. If the retention 
time is long, however, this merely means that it takes a long 

TABLE N-1-Average Retention Times and Halj Lives for 
River Water in the Great Lakes and in Various Estuaries 

'and Coastal Regions 

Surtaca Man raantion Hall Ills Ralarenca 
sroa mll  , lime 

b k e  Superlor ... . . . . . . . . . . . . . . . 31,820 Ill yrs. 
Lake M l th ipn . .  . . . . :.:. . . . . . ;: 21.420 10D yrr. 
b k a  Huron ....;. . . . . .. . . . , , , . . 11.OlO 30 yrs. 
b k a  M a  ..... .... .. ... .. . ,, .. , ' 4,930 2.8 y r r  
Lalla Dnlario .... . . . . . . . . . . .. . . . 7.520 8 y r r  
Cintinenlal Shall 
Cape! Cod lo Hatlens lo . 29,000 1.3-1.0 yrs. 

1.000 It. contour 
New York Blfhl.. . . . . . . . . . . . . . . 4 0  to 662 6.0-7.4 days 
Bay of Fundy . . . . . . . . . . . . . . . . . . 3,300 78 days 
Dobunre Bay 1 .  

high rivnr flow.. .. .. . ... . . . . . . . . . . . . . 48-126 days 
low river flow.. . .. .. . . . . . . . . . 

R ~ r l l a n  b y  
hl lh river flow.. .. .. . . . .. .. .. 45 l b 3 O  days 
low r lvtr  llow - 

Lent Island Sound.. ... . . . . . . :. . 830 36 days , 

lll y r r  
64 y r r  
21 yrs. 
1 . 9 ~ ~  
5.6 y r r  

1.1-1.4 p r .  

4.1-5.05 days 
52 days 

33-87 days 

10-11 days 

25 day1 

Kslehum and Keen (1355)81 

Ketchum 01 11. (l951)@5 
KsWlum and Ksen (1853)=J 

Kelhum (unpublishad) 
(l952)8' 

Katchum (1951a,1O bat) 

time to build up to steady-state concentration, and it will 
take a comparably long time to recover from a steady-state 
concentration once it is achieved. For Lake Superior, for 
example, it would take 128 years to remove half of the 
steady-state concentration of a pollutant that had been 
achieved over 185 years at the average rate of input. Aquatic 
environments in which the circulation is more rapid will 
achieve a steady-state concentration of a pollutant rr 
quickly and will also recover more quickly. 

Nonconservative pollutants are those that change with 
time by processes which are additional to circulation and 
dilution. The half-life of these substances in the environ- 
ment is the product of these processes and the processes of 
circulation and dilution. For radioactivity, for example, 
the half-life is the time needed for the normal radioactive 
decay to dissipate half of the radiation of the material. 
This is different for each radioisotope and may vary from 
fractions of a second to centuries. The half-life for the de- 
composition of the organic matter in sewage in marine 
systems is probably on the order of days and will be de- 
pendent on temperature. The decomposition of sewage, 
however, releases the fertilizing elements in the organic 
molec'ule, and these will persist in the environment. In con- 
trast to these rapid changes, the half-life of the 'chlorinated 
hydrocarbon pesticides is probably of the order of 10 years 
in the marine environment, though this is an estimate and 
not a direct determination. Heavy tosic metals, which may 
also pollute the environment, do not decay but persist in- 
definitely, though their location and forms in the system 
may change with time. 

The greatest pollution danger arises from the addition of 
persistent materials to those ecosystems with slow circula- 
tions. Under these conditions, the waste concentration , "I 

increase slowly until a steady-state level is reached. If c 
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The  average concentration of a given pollutant contiilu- by the rate of addition of the pollutant, the rate of its re- 
,u;!y added to a body of water, will tend to approach a moval or dilution by the circulation, and the rate of its 
.It .tate in the system. This concentration is determined decomposition or removal by biological, chemical, or geo- 

tchum 1 9 6 7 ~ ~  

Pollutanr 

- 

FIGURE W-1-Processes That Determine the Fate and Distribution o j a  Pollutant Added to  the Marine Environment. 
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increase in body burdens of lead over background levels. 
Critical studies, however, have not yet been carried out. 
Ingestion of lead shot by waterfowl, which often mistake 
spent lead shot for seed or grit, kills many birds, and the 
pollution of marshes by lead shot is a serious problem. 

Jordan (1952)b4 found that female waterfowl are about 
twice as sensitive to poisoning as males, and that toxicity 
varied greatly, depending on species, ses, and quantity and 
quality of food intake. A corn diet greatly increased the 
tosicity of lead. A study carried out by Bellrose (1951)84 
indicated that the incidence of lead shot in gizzards of 
waterfowl averaged 6.6 per cent in 18,454 ducks. Among 
infected ducks, 68 per cent contained only one shot in their 
gizzards, and only 17.7 per cent contained more than two 
(Jordan and Bellrose 195 1 ). 66 The incidence of ingested 
shot appears to increase throughout the hunting season with 
a subsequent decline afterwards. Most losses of waterfowl 
due to ingested lead shot are in fall, winter, and early 
spring (Jordan 1952) . 6 4  Different species show different 
propensities to ingest shot. Redhead (Ayltrya ameritona), 
Canvasback (Aythya valisnena) and Ringnecked Ducks 
(Avtlya collaris) are prone to ingest shot, while Gadwall 
(Anas strepera), Teal (Anus sp.) and Shoveler (Slatula civpeata) 
show a low incidence. Ingestion of one shot does not appear 
to produce measurable changes in longevity, but six No. 6 
shot are a lethal dose to Mallards, Pintail (Anus acuta) and 
Redheads (Wetmore 1919) . lo  Cook and Trainer (1 966)42 
found that four to five pellets of No. 4 lead shot were a 
lethal dose for Canada Geese (Branta canadensis). On a body 
weight basis, 6 to 8 mg/kg/day is detrimental to Mallards 
(Coburn et al. 1951).3g 

Lead concentrations in livers of poisoned birds are of a 
comparable order of magnitude, ranging from 9 to 27 
mg/kg in Canada Geese (Adler 1944),2g 18 to 37 mg/kg in 
Whistling Swans '(Olor columbianus) (Chupp and Dalke 
1964)38 and an average of 43 mg/kg in Mallards (Anas 
plalyrlyncl~os) (Coburn et al. 1951).3B These levels are 10 to 
40 iimes higher than background, which is in the order of 
one mgjkg, of the wet weight liver (Baglev. and Locke 
1967).33 

Lead poisoning in waterfowl tends to1 occur especially in 
areas where a few inches of soft mud overlay a hard sub- 
strate. In  marshes where waterfowl are hunted, the nu'mber 
of lead pellets per acre of marsh bottom is on the order of 
25,000 to 30,000 per acre and is frequently higher (Bellrose 
1959) .38 30,000 pellets per acre are equivalent to 0.7 pellets 
per square foot. 

The data examined indicate that the annual loss is be- 
tween 0.7 per cent and 8.1 per cent of a population esti- 
mated to be 100 million birds. Although there is apparently 
no evidence that a loss of this magnitude has long-term 
detrimental effects on any species, it is considered unac- 
ceptable. Levels of lead shot in the more polluted marshes 
should therefore be reduced. The ultimate solution to this 
problem is the production of non-toxic shot. 

' !  . 

Recommendation 

In order to reduce the incidence of lead poisoning 
in freshwater and marine waterfowl, it is recor 
mended that: non-toxic shot be used, or that 1- 

further lead shot be introduced into zones of shot 
deposition if lead shot concentrations exceed 1.0 
shot per 4 square feet in the top two inches of 
sediment. 

WASTE CAPACITY OF RECEIVING WATERS 

When waste disposal to any natural body of water is con- 
sidered, the receiving capacity of the environment must be 
taken into account. Waste disposal has been one of the 
many uses man has required of estuaries and coastal waters. 
These waters are capable of assimilation of definable quanti- 
ties and kinds of wastes that are not toxic and that do not 
accumulate to unacceptable levels. 11; many locations 
wastes are being aclded to these waters at rates that exceed 
their capacity to recover; and when the rate of addition ex- 
ceeds the recovery capacity, the water quality deteriorates 
rapidly. It  is essential to understand the local conditions 
and the processes that determine the fate, concentration, 
and distribution of the pollutant in order to determine the 
amount of the pollutant and the rate of disposal that will 
not exceed the recommended levels. 

A simplified diagram of the various processes that may 
determine the fate and distribution of a pollutant added +q 
the marine environment 1s presented in Figure I 
(Ketchum 1967).a2 The waste material may be diluted, at$- 
persed, and transported by various physical processes, such 
as turbulent .mixing, ocean currents, or exchanges with the 
atmosphere. I t  may be concentrated by various biological 
processes, such as the direct uptake by organisms of a dis- 
solved material in the water, and it may he transferred from 
organism to organism in various trophic levels of the food 
web. Additional concentration of the material may occur at 
the higher trophic levels, particularly if some organ or tissue 
of the body accumulates the substance, such as DDT or 
petroleum products that accumulate in the fatty tissues, 
various metals that may accumulate in the hone or liver, 
and iodine which accumulated in the thyroid. 

Substances can also be concentrated from the environ- 
ment by chemical, physical, and geological processes such as 
sorption. Natural waters contain a certain amount of sus- 
pended material, and some material added to the water ma) 
be drbed on these particles. In sea water, which alread) 
contains in solution most of the known elements, addec 
materials may be precipitated from the water by varlou: 
chemical reactions. As fresh waters carry pollutants to thc 
sea, the change in salinity causes fiocculation of some of thl 
materials suspended in the fresh water and results in thei 
precipitation from the medium. Ion exchange reaction 
with the various organic compounds dissolved in sea . 
can also occur. 
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jtudies of eggshell .thinning in wild populations have re- 
~or ted  an inverse relationship between shell thickness and 
:onr-qtrations of DDE in the eggs of Herring'Gulls (iarus 
r :s) (Hickey and Anderson 1968). Double-crested 
:orl~~orants (Phaianocorax auritus) (Anderson et al. 1 969),31 
;reat Blue Herons (Arden i~erorlias) (Vermeer and Reynolds 
970),T0 White Pelicans (Peltcanus e?gthrorlynchos) (Anderson 
:t al. 1969), 31 ~ r o w n  Pelicans (Pelccanus occidentalis) (Blus 
:t al. 1972;36 Risebrough in press 1972),02 and Peregrines 
Falco kcrrgrinus) (Cade r t  a!. ! 970). 3 i  

Because of its position in the food webs, .the Peregrine 
iccumulates higher residues than' fish-eating birds in the 
ame ecosystem . .  (Risebrough . et al. 1968).6J I t  was the first 
gorth American species to show shell thinning (Hickey and 
inderson 1968) .50 It is therefore considered to .be the species 
nost sensitive to environmental residues of DDE. 

The  most severe cases of shell thinning'documented to 
late have occurred in the marine ecosystein of southern 
Zalifornia (Risebrough et al. 1970)63 where DDT residues 
n fish have been in the order of 1-10 mg/kg of the whole 

'ish (Risebrough in fires5 1972).62 In Connecticut and Long 
sland, shell thinning of eggs of the Osprey (Pandion I~aliae- 
..s) is sufficiently severe to adversely affect reproductive 
uccess; over North America, shell thinning of Osprey eggs 
tlso shows a significant negative relationship with DDE 
Spitzer and Risebrough, un#ublis/led re~ults).'~ DDT residues 
n collections of eight species of fish from this area in 1970 
,anged from 0.1 to 0.5 mg/kg of the wet weight (Hays .and 
.i. ugh 1972)." Evidently this level of cbntamination 
: hL,..& than one which wbuld permit the successful repro- 
iucrion of several of the fish-eating and raptorial birds. 

tecomrnendation 

It is recommended that DDT concentrations in 
~ n y  sample consisting of a homogenate of 25 or 
nore fish of any species that is consumed by fish- 
iating birds and mammals, within the same size 
-ange as the fish consumed by any bird or mammal, 
)e no greater than 50 &/kg of the wet weight. 
IDT residues are defined as the sum of the concen- 
rations of p , p'-DDT, p , p'-DDD, p , pJ-DDE and 
,heir ortho-para isomers. 

ildrin, Dieldrin, Endrin, and Heptachlor 

Aldrin, dieldrin, endrin, and heptachlor constitute a 
lass of closely related, highly toxic, organochlorine insecti- 
ides. Aldrin is readily converted to dieldrin in the environ- 
nent, and heptachlor to a highly tosic derivative, hepta- 
hlor eposide. Like the DDT compounds, dieldrin may be - 
lispersed through the atmosphere (Tarrant and Tatton 
968,68 Risebrough et al. 1968).64 The greatest hazard of 
'ieldrin is to fish-eating birds such as the Bald Eagle (Halt- 
*ectus leucocephalus) (Mulhern et al. 1970);56 the Common 
2~ Casmcrodius albus) (Faber et al. 1972)43 and the 
'er - ~ l e  (Falco peregrint~s) (Ratcliffe 1970),60 which may 

accumulate lethal amounts from fish or birds that have not 
themselves been harmed. 

These compounds are somewhat more soluble in water 
than are other chlorinated hydrocarbons such as the DDT 
group (Gunther et al. 1968) ;4G partition coefficients between 
water and fish tissues can be assumed to be lower than those 
of the DDT compounds. Equivalent concentrations in fish 
would therefore indicate higher environmental levels or 
dieldrin, endrin, or heptachlor epoxide than of DDE or any 
of the other DDT compounds. Moreover, these compounds 
are substantially more toxic to wildlife rhan are other 
chlorinated hydrocarbon pesticides (Tucker and Crabtree 
1 970).60 More conservative recommendations are therefore 
necessary. 

Recommendation 

It is recommended that the sum of the concen- 
trations of aldrin, dieldrin, endrin, and heptachlor 
epoxide in any sample consisting of a homogenate 
of 25 or more whole fish of any species that is con- , 
sumed by fish-eating birds and mammals, within 
the size range consumed by any bird or mammal, 
be no greater than 5 &/kg of the wet weight. 

Other Chlorinated Hydrocarbon Pesticides 

Other chlorinated hydrocarbon insecticides include lin- 
dane, chlordane, endosulfan, methoxychlor, rnirex, and 
toxaphene. Hexachlorobenzene is likely to have increased 
use as a fungicide as mercury compounds are phased out. 
This compound is toxic to birds and is persistent (Vos et al. 
1968) .13 With the possible exception of hexachlorobenzene, 
recommendations that protect the invertebrate and fish life 
of estuaries from injudicious use of these pesticides will also 
protect the wildlife species. In light of the experience with 
DDT and dieldrin, the large scale use of a compound such 
as mires can be expected to have adverse effects on wildlife 
populations. 

Recommendation 

It is recommended that the concentration of any 
of these chlorinated hydrocarbon insecticides, in- 
cluding lindane, chlordane, endosulfan, methoxy- 
chlor, mirex, and toxaphene, and of hexachloro- 
benzene, in any sample consisting of a homogenate 
of 25 or more whole fish of any species that is con- 
sumed by fish-eating birds and mammals, with 
the size range that is consumed by any bird or 
mammal, be no greater than 50 &/kg of the wet 
weight. 

Lead 

No data was found to indicate that 1,ead released into the 
atmosphere through the combustion of leaded gasolines has 
posed a hazard to wildlife populations or has resulted in an 
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dictates against sample sizes of this magnitude, and samples 
consisting of 25 or more fish are suggested as a reasonable 
compromise. 

Radionuclides 

In the absence of data that would indicate that 
any of the radionuclides released by human ac- 
tivities are accumulated by wildlife species, it is 
recommended that the recommendations estab- 
lished for marine fish and invertebrates apply also 
to wildlife. 

Heavy Metals 

The results obtained during the baseline study of the 
International Decade of Ocean Exploration (IDOE) in 
1971-72 have failed to indicate any evidence of pollution by 
heavy metals, including mercury and cadmium, above 
background levels in marine species (Goldberg 1972).46 
The results, suggested, however, local patterns of coastal 
contamination. The heavy metal analyses carried out to 
date of tissues of several species of petrels, strictly pelagic in 
their distribution (Anderlini et al. 1972) ;32 and of coastal 
fish-eating ,species such as the Brown Pelican, Pelecanus 
occidentalis, (Connors et al. in press 1972a) and the Com- 
mon Tern, Sterna hirundo (Connors et al. in press 1972b)41 
have confirmed this conclusion. 

Recommendation 

In the absence of data indicating that heavy 
metals are present in marine wildlife in .concen- 
trations above natural levels, it is recommended 
that recommendations formulated to protect other 
marine organisms also apply to wildlife in order 
to provide protection in local areas. 

Polychlorinated Biphenyls (PCB) 

Evidence is accumulating that'PCB does not contribute 
to the shell thinning that has been a n.ajor symptom of the 
reproductive failures and declines of raptorial 
and fish-eating birds. Dietary PCB produced no shell thin- 
ning of eggs of Mallard Ducks (Anas platyrhynchos) (Heath 
et al, in press 1972),4e nor did PCB have any effects on eggs of 
Ring Doves (StreptojJelia risoria) (Peakall 197 1).58 A PCB 
effect could not be associated with the thinning of Brown 
Pelican (Pelecanus occidentolis) eggshells (Risebrough in prers 
1972) ." PCB may increase susceptibility to infectious agents 
such as virus diseases (Friend and Trainer 1 970).44 Like 
other chlorinated hydrocarbons, PCB increases the activity 
of liver enzymes that degrade steroids, including the 'sex 
hormones (Risebrough et al. 1 968;64 Street et al. 1 968).67 
The ecological significance of this phenomenon is not clear. 

Because laboratory studies have indicated that PCB, with 
its derivatives or metabolites, causes embryonic death of 

birds (Vos et al. 1970;75 Vos and Koeman 1970;" Vos i t ,  

press 1972;?: Peakall et %al. in press 19726e) and because ex. 
ceptionally high concentrations are occasionally found 
fish-eating and raptorial species (Risebrough et al. 1968, 
Jensen et al. 196952), it is highly probable that PCB has 
had an adverse effect on the reproducrive capacity of some 
species of birds that have shown population declines. 

Median PCB concentrations in whole fish of eight species 
from Long Island Sound, obtained in 1970, were in the 
order of one milligram per kilogram (mg/kg) (Hays and 
Risebrough 1972)," and comparable concentrations have 
been reported from southern California (Risebrough 
1969).81 On the basis of the high probability that PCB in 
the environment has contributed to the reproductive failures 
of fish-eating birds, it is desirable to decrease these levels by 
at least a factor of two (see Section I11 on Freshwater 
Aquatic Life and Wildlife pp. 175-1 77). . . 

Recommendation 

I t  is recommended that PCB concentrations in 
any sample consisting of a homogenate of 25 or 
more whole fish of any species that is consumed by 
fish-eating birds and mammals, within the same 
size range as the fish consumed by any bird or 
mammal, be no greater than 0.5 mg/kg of the wet 
weight. 

In the absence of a standardized methodology 
for the determination of PCB in environmer 
samples, it is recommended that estimates of 1 
concentrations be based on the commercial 
Aroclora preparation which it most closely re- 
sembles in chlorine composition. If the PCB 
composition should resemble a mixture of more 
than one Aroclofl, it should be considered a mix- 
ture for the basis of quantitation, and the PCB 
concentration reported should be the sum of the 
component Aroclor@ equivalents. 

DDT Compounds 

DDT compounds have become widespread and locally 
abundant pollutants in coastal and marine environments of 
North America. The most abundant of these is DDE [2,2- 
bis(p-chlorophenyl) dicholoroethylene], a derivative of the 
insecticidal DDT compound, p,pl-DDT. DDE is more 
stable than other DDT derivatives, and very little informa- 
tion exists on its degradation in ecosystems. ,All available 
data suggest that it is degraded slowly. No degradation path- 
way has so far been shown to exist in the sea, except deposi- 
tion in sediments. 

Experimental studies have shown that DDE induces 
shell thinning of eggs of birds of several families, including 
Mallard Ducks (Anas platyrhynchos) (Heath et al. 1969), 
American Kestrels (Falco sparuerius) (Wiemeyer and PC - 
1970),77 Japanese Quail (Coturnix) (Stickel and IU . 
1 970)66 and Ring Doves (Streptopefia risorial) (Peakall 1970). '' 
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I V T ~ ~  and mammals that occupy the higher trophic levels in 
he rood web may acquire body burdens of toxicants that 
rc a1 or  that have significant sublethal effects on repro- 
:UL , capacity, even though the concentrations of these 
~kstances in the water remain extremely low. Pollutants of 
cnzcm or of potential concern are the radionuclides, heavy 
cftals, chlorinated hydrocarbons, and other synthetic 
iltmicals that are relatively resistant to biological and 
hemical degradation. 

Recommendations to protect wildlife dependent upon 
rcshwater ecosystems may in general also apply to estu- 
nes. This is particularly true for protection of food and 
helter for wildlife, pH, alkalinity, light penetration, settle- 
.ble substances, and temperature. These are discussed in 
iecdon I11 on Freshwater Aquatic Life and Wildlife. 

Marine and coastal waters constitute major sinks for per- 
istent ,pollutants. Accumulation rates and sready-state 
evels are complex functions of input, rates of degradation, 
~ n d  rates of deposition in the sedimzn~s. As yet no research 
Irograms have measured accumulation rates of pollutants 
n coastal waters or determined whether steady-state con- 
sentrations have already been attained. 

Current knowledge of the partition coefficients among 
:oncentrations in water, in sediments, and in tissues of 
nepresentative species in food webs is at best fragmentary. 
t is assumed, however, in the evaluation of water quality 
hat the distribution and concentration of gradients of a 
-01' .nt in an  aqueous ecosystem satisfy thermodynamic 
:q' sia requirements. The pollutants considered here are 
ot essential to physiological functions, and do not require 

:nergy to maintain the concentration gradients. Thus the 
:hlorinated hydrocarbons are concentrated in the lipid 
,001s of organisms from ambient water but will not accumu- 
ste indefinitely. Rather, under equilibrium conditions, 
hese pollutants will also be lost to ambient water, particu- 
ate matter, and sediments in satisfying thermodynamic 
~equirements. Because the internal environments of birds 
lnd mammals are more isolated from the ambient environ- 
nent than those of invertebrates and most fish, equilibrium 
~ncentrations of pollutants, particularly the chlorinated 

lydrocarbons, may be substantially higher. 
Theoretically, therefore, measurements of pollutant con- 

:entrations ip one component of an ecosystem are sufficient 
o indicate the level in the system as a whole when the parti- 
ion coefficients among water, suspended particulate and 
rganic material, sediments, lipid pools, surface films, and 

.he atmosphere are known. The methodologies for measur- 
ng  pollutant concentrations in sea water are as yet imper- 
'ect, and very few good measurements have so far been 
nade. Consequently it is not practical at present to make 
-ecommendations for the relatively persistent organic pollu- 
mts based upon water concentrations, especially when 
~art;+;on coefficients are not known. Residue concentrations 
,n r e  more easily determined and can more readily be 
3sso~~ated with harm to bird and mammal populations that 

consume them. Recommendations for the toxic organic 
compounds that are trophically accumulated by marine 
wildlife are therefore based upon concentrations in fish. 

I t  canCr,T be assumed that there is a level or concentration 
in the ecos::stem as a whole of pollutants which are muta- 
gens or reramgens that causes no effect on any ofthe wild- 
life species. The chlorinate& dibenzo-p-dioxins are highly 
toxic to de\.eicping embryos (Verret 1970)71 and are con- 
taminants ir! compounds prepared from cillorinated phe- 
nols, including the herbicide 2,4, 5-T i:Verrett 1970)i1 and 
the widely used fungicide pentach!orophenol (Jensen and 
and Renberg 1972).53 The closely relaxed chlorinated di- 
benzofurans are contaminants in some PCB preparations 
(Vos and Koeman 1970, l4 Vos et al., 19 701T5 Vos in jress 
1 972).72 Embryonic mortality in birds is induced by these or 
other derivatives of PCB (Peakall et al., in press 1972,59 
Vos in $ress 1972). 72 For the present time the chlorinated 
dibenzofurans are included with PCB in the recommenda- 
tions. When environmental mutagens and teratogens allect 
only relatively few, individuals of a population, it is as- 
sumed that these will be eliminated by natural selection 
without harm to the species as a whole. 

For other pollutants which affect specific enzyme systems 
or other physiological processes but not the genetic material 
or embryological development; it is assumed that there are 
levels in the environment of each'helow which all organisms 
are able to function without disrupting their life cycles. 
Manifestations of physiological effects, such as a certain 
amount of eggshell thinning or higher level .of hormone 
metabolism, might be detectable in the most sensitive 
species. If environmental levels increase, the reproductive 
capacity of the most sensitive species would be affected first. 
The object' df the recommendations presented is to maintain 
the. steady-state concentrations of each pollutant below 
those levels which interfere with the life cycles of the most 
sensitive wildlife species. Input should not therefore be 

.measured only in terns of concentrations of each pollutant 
in individual effluents, but in relation to the net contribu- 
tion to the ecosystem. At the steady-state level, the net 
contribution would be zero, with the total input equal to'the 
sum of degradation and permanent deposition in the 
sediments. 

Bases For Recommendations 

Recommendations based upon pollutant concentrations 
in ,fish must take into account the individual variation in 
residue concentration. The distribution is usually not Gaus- 
sian (Holden 1970;51 Anderson and Fenderson 1970;30 
Risebrough et al. i n  press 1972),65 with several individual 
fish in a sample frequently containing much higher residue 
concentrations than the majority. Fish samples should there- 
fore consist of pooled collections. Samples as large as 100 
fish may not be sufficient to determine mean concentrations 
of a pollutant with a precision of 10 per cent (Risebrough 
et al. in press 1972).65 Practicality, however, frequently 
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fused with materials added to the water hundreds of miles 
distant and carried* to the scene by winds, tides, and coastal 
currents. In this sense, marine aquaculture is not only more 
vulnerabie to change than freshwater culture, but the dan- 
gers are also far less predictable. 

Application of Water Quality to Aqwculture. ,.:-- 

The various toxic or otherwise harmful wastes that man 
adds to the coastal marine environment affect cultivated 
organisms much the same as they do the natural popula- 
tions of the same species. These are discussed in detail else- 
where and need not be repeated here. In general the 
deleterious effects of wastes on organisms that are used as 
food by man are: (1) to kill, injure, or interfere with the 
growth or other vital functions of the organisms, or (2) to 
become-concentrated in the organisms to such an estent as 
to render them unfit for human consumption by exceeding 
public health standards or by making them unpalatable. In 
the latter case, this may occur with no apparent accompany- 
ing impairment of the organism. 

Certain aspects of aquaculture, particularly the intensive 
forms of culture described above, are particularly sensitive 
and vulnerable to various kinds of pollution-more so than 
their freeliving counterparts in nature. These are enumer- 
ated and discussed briefly below. 

The carrying capacity of intensive aquaculture sys- 
tems is based on the flow of water and its supply of 
oxygen. If the concentration of oxygen in the water 
suddenly decreases due to an organic overload, a 
temperature increase, or other external causes, it 
may be inadequate to support the cultivated 
animals. 
Captive organisms cannot avoid localized unfavor- 
able conditions (e.g., oxygen, temperature, turbid- 
ity) as can free-swimming natural populations. 
Many organisms can tolerate alterations in their 
environment if they are allowed to adapt and be- 
come acclimated to such changes slowly. Cultivated 
organisms may be, and often are subjected to sudden 
changes in water quality and cannot endure the ini- 
tial shock, while the free;swimming natural popula- 
tions can enter an affected area slowly and cautiously 
and allow themselves to adapt to the altered 
conditions. 

a Cultivated organisms, particularly in the densely- 
crowded conditions of intensive aquaculture, may be 
and perhaps always are under rather severe physio- 
logical stress. Artificial diets are often incomplete or 
otherwise unbalanced. Unnaturally crowded living 
conditions may cause hormonal or other biochemical 
imbalance. The animals may already suffer the ef- 
fects of poor water quality from their own pollutants. 
They are therefore particularly susceptable and vul- 

nerable to any additional deterioration in water 
quality that may increase their stress condition. 
Disease is a spectre that perpetually haunts the aqu- 
culturist. Virtually impossible- to avoid or elimini 
in any open system, it is usually, at best, held in 
check. Again, the additional stress caused by a de- 
terioration in water quality, while not fatal .in itself, 
may lower the.resistance of the cultivated animals to 
epidemic disease. 
Artificially-fed cultivated organisms ma)- be no less 
susceptible to accumulation of wastes, although in- 
tensively cultivated organisms that are fed entirely 
on an artificial diet would appear to have one ad- 
vantage ovel; natural populations of the same animals 
living in polluted waters. Many toxic substances such 
as chlorinated hydrocarbons may reach tosic or un- 
acceptable levels in larger organisms because of 
concentratiol~ and amplification at each successive 
step in the food chain that ultimately supports the 
animal in question. However, there is increasing 
evidence that these substances also enter fishes and 
other organisms directly from solution in the water, 
across respiratory or digestive membranes. Such 
direct absorption of toxic material may in some cases 
exceed the quantities ingested and assimilated with 
food. 

Therefore, the g e n ~ a l  recommendations for the quality 
of water for use in culture include: (1) continuously ar' 
quate control of those materials and conditions which 
required for good health and efficient production of the 
cultured species; (2) absence of deleterious chemical and 
physical conditions, even for short or intermittent periods; 
(3) environmental stability; and (4) prevention of introduc- 
tion of diseases that attack the organisms under culture. 
The specific requirements for each culture effort must be 
with reference to the species involved, the densities desired, 
and the operational design of the culture system. 

Marine wildlife for the purposes of this Section is defined 
as those species of mammals, birds: and reptiles which in- 
habit .estuaries or coastal and marine waters for at least a 
portion of their life span. The fish, invertebrates, and plank- 
ton that constitute the food webs upon which these species 
depend are not, .therefore, considered to be wildlife in this 
context. The recommendations for marine wildlife, how- 
eve;, necessarily include all recommendations formulated 
to protect the fish, invertebrate, and plant ccmmunities, 
because wildlife' can be adequately protected only 'if the 
diversity and integrity of food webs are maintained. More- 
over, the recommendations must protect wildlife from pol- 
lutants that are relatively persistent ,in the environment, 
transported by wind or water currents, and concentrate 
recycled in the food webs. Because of trophic accumulat.. , 
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hcse that are enclosed must be located near a source of 
ea.water so that the water may be exchanged frequentiy 
o r -,ent stagnation and to regulate such factors as tem- 
heb 2 and salinity. Such exchanges are .accomplished by 
diil action or by pumping. 
The cultivated animals may be stocked or may consist of 

~atural  populations that enter the system as larvae or 
uveniles. They are usually not fed but subsist on natural 
~ o d s  that grow in the area or are carried in with the outside 
eawater. 

Estensive aquaculture systems are most common in the 
~ndeveloped parts of the world (e.g., Southeast Asia) where 
arge areas of coastal hangrove swamps, marshes, and estu- 
ries are available and are not presently in use or demand 
3r other purposes. For example, it has been estimated that 
here are over six million acres of mangrove swamps in 
'ldonesia alone that would be suitable for some form of fish 
arming. 

1n'such coastal impoundments, milkfish, mullet, shrimp, 
~ n d  other' free-swimming species are grown. In  the more 
,pen situations such as embayments and arms of estuaries, 
 on-fugitive organisms are cultivated. The oldest and most 
,ighly-developed form of marine aquaculture practiced in 
he United States and Europe, that of oyster culture, falls 
nto this category. Seaweed culture in Japan and China is 
mother interesting example of this general approach to 
 quac culture. 

l-;+lds from extensive aquaculture range from a few hun- 
1r1 ,unds to, at best, about one ton per acre per year. 
,!til', in some cases almost no, capital investment is re- 
luired, and it is not a labor-intensive form of enterprise. 
h e  or  two unskilled laborers can manage 100 acres or 
nore of shrimp or milkfish ponds in Malayasia or the 
'hilippines escept during stocking and harvesting opera- 
ions. This is normally a highly profitable fprm of business 
o the culturist and, despite the modest yields, extensive 
lquaculture is capable of making a significant contribution 
o the protein nutrition of many of the undeveloped parts 
~f the world. 

Intensive aquaculture makes use of flowing-water sys- 
:ems using flumes or racewavs and is best typified by trout 
~ n d  salmon hatcheries that have been operated successfully 
n the United States and Europe for many years and have 
?ow reached a relatively high level of technical sophistica- 
:ion. Although originally designed to produce fish to be 
Ytocked in natural waters to enhance commercial or sports 
fishing, such systems are now being increasingly used for the 
production of fish to be marketed directly as food. Such 
svstems were originally developed and used exclusively for 
rearing freshwater species, but they are now also finding 
application in saltwater areas for the production of marine 
-r anadromous species. 

A variation of the raceway system of intensive aquacul- . 
tu .hat of floating cage culture in which the animals are 
he,. -11 nets suspended by a floating wooden framework. 

These may be moored in estuaries or other protected arms 
of the sea, where they are exposed to strong tidal currents. 

A common feature of the various kinds of intensive aqua- 
culture is that the animals are grown closely packed ar ex- 
tremely high densities and depend upon the flow of large 
volumes of water over and around them to provide oxygen 
and carry away wastes. When feasible, the animals are fed 
artifically on prepared, pelletized food. The entire system 
mugt be carefully controlled and monitored. 

Intensive aquaculture systems for the commercial pro- 
duction of food are in an early stage of development and 
have yet to prove themselves as profitable and reliable for 
marine species. Rapid progress is being made in this area, 
however, particularly in highly developed parts of the world 
where technological skill is available, where coastal marine 
areas are scarce and in high demand, and where the price of 
luxury seafoods is escalating. Various species of molluscs, 
crustaceans, and finfish are now being grown in this way, 
and many more are likely candidates as soom as funda- 
mental aspects of their life history and nutrition are 
mastered. 

The yield from intensive aquaculture per unit of area in 
which the organisms are grown is ecologically meaningless 
(as is that from a cattle feed-lot, for example) but amounts 
to as much as hundreds of tons per acre. More realistically, 
the yield from such systems may be expressed per cubic foot 
per minute of water flowing through it, which is usually the 
limitink factor. 

In contrast to extensive aquaculture, intensive systems 
usually require high capital outlay and have a relatively 
high labor demand. Profits or losses are determined by small 
differences in the costs of food, labor, marketing, and the 
demand for the product. 

Both extensive and intensive forms of aquaculture are 
heavily dependent on high quality water to sustain them. 
Neither is independent of the adjacent coastal marine en- 
vironment. Extensive pond culture may be semi-autono- 
mous, but as explained above, the water must be occasion- 
ally and sometimes frequently exchanged. Intensive aqua- 
culture systems are vitally dependent on a continuous large 
supply of new seawater. Because of the large investment 
and, at best, small margin of profit, and because of the dense 
populations of animals maintained at any one time, inten- 
sive aquaculture represents a far greater risk. 

Freshwater aquaculture systems, if strategically located 
near an adequate source of underground water, may be 
largely independent of manJs.activities and relatively free 
from the threat of pollution. This, unfortunately, is never 
quite true of marine aquaculture. The contiguous oceans of 
the world circulate freely, as do the substances man adds to 
them. While water movements may be predicted on large 
geographical and time scales, they are quite unpredictable 
on a local and short-term basis. An embayment or estuary 
whose shores are uninhabited and which may suffer no ill 
effects from the s~rrounding~land may suddenly become in- 
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posals to increase the use of oceanic areas as receivers of 
wastes. 

The effects of such coastal disposal on fisheries are not yet 
clearly established. Bechtel Corp. (1969)17 has suggested 
that continued expansion of waste disposal along the At- 
lantic coast at the present rate of increase may, in about 30 
years, significantly reduce the quality of water over the 
continental shelf by increased suspended solids, phosphate 
or nitrate enrichment, oxygen demand, heavy metals, or 
simultaneous effects from all of these. Preliminary studies of 
the effects of dumping of sewage sludge and dredging spoils 
from the metropolitan New York area indicate that an area 
of about 20 square miles has been impoverished by reduc- 
tion of normal benthic populations; and indirect effects may 
be far more extensive (Pearce 1 970).23 

More general approaches to disposal of wastes in ocean 
waters have been presented by Foyn (1965)20 Olson and 
Burgess (1967)=, NAS-NRC Committee on Oceanography 
(1970)2L and the Royal Society of London (1971).== Some 
discernible and disturbing changes in coastal waters are 
documented that prove the urgent need for better under- 
standing of pollution effects at the edge of the oceans. The 
limitation that must be placed upon any such releases must 
be learned and put to use quickly, and we should proceed 
carefully while we are learning. 

Fisheries provide useful indications of the biological 
health and productivity of marine waters. Continuous high 
yield of a harvestable crop of indigenous fish or shellfish 
free of toxicants or pathogens is an indication that water 
quality is satisfactory, that the environmental conditions are 
favorable for the total biological community, and that no 
contaminant is present in sufficient quantity to destroy 
major components of the ecosystem. Fisheries production 
statistics can thus serve as a sensitive indicator of environ- 
mental quanity. 

Specific criteria for ~ategories of pollutants will be given 
in subsequent parts of this Section. The general require- 
ments for water quality in relation to 'successful fisheries 
include : 

favorable, not merely tolerable, environmental con- 
ditions at every location which is required in the life 
history of each species: this places special value on 
water quality of estuaries which are obligate en- 

\ 
vironments for many species during at least some 
portion of their life cycles; 

" . water sufficient to maintain the health of the bio- 
logical systems which support useful species; 

absence of environmental conditions which are e r  - 
ceptionally 'favorable to parasites, predators, a1 
competitors of useful species. 

MARINE . . AQUACULTURE,:;C.:. :,.. ..::..,.-. 

Although often considered a new approach to the world 
food problem, aquaculture is an ancien; pactice in many 
parts of the world. In the Orient, aquatic organisms have 
been successfully cultivated for centuries, usually with 
rather primitive and empirical techniques, but nevertheless 
with impressive sukcess. 

The annual world production of food through aquacul- 
ture has recently been estimated at over four million metric 
tons, about 6.5 per cent of the total world fish landings. Al- 
though this is derived largely from fresh water, and open- 
ocean maraculture is in its infancy, an unknown but signifi- 
cant fraction of, the production is brackish-water organisms 
taken from estuarine systems. The distinction between 
freshwater and marine aquaculture is quite artificial. Be- 
cause the principles, techniques, potentials, and environ- 
mental requirements for growing organisms in either fresh 
or salt water are much the same, the distinction is also un- 
necessary for the purposes of the present discussion, except 
as noted below. 

It is difficult ,to assess the potential yield from marine 
aquaculture, dependent as it is on a primitive art unc' 
going rapid technological development. The introduct. 
of present methods into new, undeveloped parts of the world 
could at least double the present harvest within the next 
decade. Judging from the experience in agriculture and 
terrestrial animal husbandry, much greater increase in 
yields should pr2sumably be possible with advances in such 
fields as genetic selection and control, nutrition, habitat 
management and elimination or control of disease, preda- 
tion, and competition. It is not inconceivable that the yield 
from aquaculture might one day surpass that from the 
harvest of wild, untended stocks of aquatic organisms. Fur- 
ther, since only the most deslrable species are selected for 
aquaculture, both the economic and nutritional value per 
pound of cultivated organisms greatly esceeds that of the 
average fishery product. In  the United States, espanded 
recent intcrest in coastal aquaculture will hopefully- pro- 
duce new techniques, products, and quantities, although 

freedom from tainting substances or conditions where economic feasibility has been difficult to achieve thus far. 

useful species exist, including elements and Although no firm distinction can be drawn, it is conveni- 

pounds can be by organisms ent to think ofmost forms of marine aquaculture in one of 

to unacceptable levels; two categories that will be referred to here as eslensivr and 
intensive culture. In extensive culture, animals are reared at 

absence of toxic conditions or substances wherever relatively low densities in large impoundments, embay- 
'pecies Occur at time in their life history; 'rnents, or sections of estuaries, either natural or 

absence of sublethal deleterious conditions. which The impoundments may be closed off or open to the * 

reduce survival and reproductive success; depending upon the desired degree of control, but 
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::ss has been achieved in the use of diversity measurements, 
iowever, and their potential for future use is high. (See the 
lisr..*csion of Community Structure in Section 111 on Fresh- 
; .quatic Life and Wildlife and in Appendix 11-B.) 
2 urre are potentials for managing additions to coastal 

.cosystems in ways that benefit human uses. These are as 
er poorly understood, and efforts to utilize waste heat, 
iutrients and othcr possible resources are primitive. Such 
iossibiiitics merit vigorous esploration and, eventually, 
areful application. 

Major marine and coastal fisheries are based upon the 
apture of wild crops produced in estuaries, coastal waters, 
nd oceans. The quantity and quality of the available sup- 
11v of useful species are controlled by the nature and effi- 
iency of the several ecosystems upon which each species 
lepends for its life cycle. Shad, for instance, depend upon 
reshwater areas at the head of estuaries for spawning and 
or survival as eggs and larvae, open estuaries for the nutri- 
.on of juveniles, and large open coastal regions for growth 
.nd maturation. As do many other species, shad migrate 
lver large distances. Serious pollution at any point in the 
ower river, the estuary, or the inshore ocean might, there- 
ore, break the necessary patterns and reduce the fishery. 

Estuaries have esceptional usefulness in support of fish- 
ri t least three quarters of the species in the commercial 
Inc~ -creational fisheries of the nation are dependent upon 
he estuarine ecosystem at one or more stages of their life 
iistory. Estuaries are used as obligatory spawning grounds, 
iursery areas, havens from parasites and predators, and as 
ich sources of food because of high productivity. 

American fisheries exploit several levels of the coastal 
:cosystem. We do not utilize the plants, the producers, 
lirectl). as food or in commerce escept for a comparatively 
mall harvest of kelp and other seaweeds. The primary 
:onsumers, however, are extensively utilized. These include 
Iysters, clams, mussels, and vast quantities of filter-feeding 
is11 such as sardines, anchovies, menhaden, and herring. 
Second and third level consumers, which are less abundant 
~ u t  frequently more desired than plankton feeders, include 
nost of our sports fish and major commercial species such 
i s  tuna, striped bass, cod, halibut, and sea trout, as well as 
quid, sharks, and other species which hold potential for 
ncreased future use. 

Pollutants can be detrimental to fisheries by reducing 
desired species through direct mortality from toxicity, 
smothering, intolerable heat, or other killing changes. Re- 
duction ma! also occur when a pollutant has a sublethal 
messing effect that significantly interferes with feeding, 
movement, reproduction, or some other essential function. 
PC' "Sn has an indirect deleterious effect when it increases 
pr ars or parasites, reduces food organisms or essential 

consorts, or damages the efficiency of the ecosystem func- 
tions pertinent to the species in question. Consideration of 
all these occurrences must enter into efforts to protect and 
enhance fisheries. 

Pollutants also damage rr.aiiine organisms by imparting 
characteristics that make them unacceptable for commerciai 
or recreational use. Economic loss has resulted from flesh 
tainting of fish and shellfish I N  oii. phenolics, and other mil- 
terials affecting taste, flavor, ar  appearance. DDT and otnry 
persistent organics, applied br. land, have accumulated in  
fish to levels that exceed cstai)lished standards for accept- 
able human food. Heavy rncrais, e.g., mercury. can reach 
levels in fish several thousand times the concentration in the 
ambient water, destroying the economic value of the orga- 
nisms involved. 

More than 90 per cent of the American commercial 
catch and virtually all of the sport fish are taken from the 
estuaries and continental shelf. The total yield is difficult to 
estimate, involving as it does migratory species, catches by 
both foreign and domestic vessels, and recreational fisheries 
which1 are only partially measured. Stroud (1 97 esti- 
mated that the estuarine-dependent fisherv of the Atlantic 
coast yields 535 pounds per acre of estuary for a total annual 
yield of 6.6 X 1OQ lbs. He concludes that shrinking of estu- 
aries by filling or other destruction would reduce the iield 
by a directly proportional quantity. Further, he predicts 
that reduction of the productivity of estuaries by pollution 
would also produce a proportional decrease in fish produc- 
tion. The U.S. commercial fisheries of largest volume, in 
order of decreasing harvest, include menhaden, salmon, 
shrimp, crabs, herring, and oysters (Riley 1971).24 The most 
valuable commercial harvests include shrimp, salmon, lob- 
sters, crabs, menhaden, oysters, clams, flounders, and scal- 
lops (Riley 197 1).?4 

The estuaries, as recipients of wastes both from rivers 
entering them and cities and industries along their shores, 
are obviously more immediately susceptible to pollution 
damage than any other part of the marine system (Clark 
1 967,1s American Society of Civil Engineering and Stanford 
University 1967,IW.S. Dept. of Interior 1969,27 and U.S. 
Dept. of Interior, Fish and Wildlife Service 197029). Al- 
though the vulnerability of such inshore bodies of water to 
physical and chemical damage is esceptional, the open 
waters along the coast are alsd subject to damage from the 
use of these waters for waste disposal. Approximately 250 
waste disposal sites are in use along the coast of the United 
States, and 48 million tons of wastes are estimated to have 
been dumped in 1968. (Council on Environmental Quality 
1970).19 These dumped wastes included dredge spoils, in- 
dustrial wastes, sewage sludge, construction and demolition 
debris, solid wastes, and esplosives (see pp. 278-283 of this 
Section for a more extended discussion of dumped wastes). 
Increased populations and technological concentration 
along the coasts, with simultaneous resistance to the use of 
land, rivers, and estuaries for disposal has stimulated pro- 
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conditions. The system is productive, species are diverse, the Estuaries ancl intertidal regions are naturally exposed to 
biomass,.is high, and the flow of energy is comparatively stressful conditions. In the estuaries the ebb'and flow'of the 
efficient. The addition of poll;tants to such a ivstem might: tide and the fluctuating freshwater fiow create changes in 

reduce the input of solar energy into the ecosystem; 
increase the input of organic matter and nutrients 
which might stimulate the growth of undesirable 
species ; 
reduce the availability of nutrients by increased 
sorption and sedimentation; 
create intolerable physical extremes for some orga- 
nisms, as by the addition of heat; 
kill or reduce the success of individual organisms, 
as by lethal toxicity or crippling with oil; 
eliminate species by adding a toxic material or mak- 
ing an essential element unavailable; 
interfere with the flow of energy from species to 
species, as by a chemical that interferes with feeding 
behavior; 
reduce species diversity in the system; 
interfere with regenerative cycling byidecomposers; 
decrease biomass by reduction of abundant species 
or disruption of the processes of ecosystems; 
increase biomass by removing important consumers 
allowing runaway production of other species. 

salinit)? on various time scales ranging from hourly 1 

seasonally. In the intertidal zone the normal inhabitants art 
exposed to air during part of each tidal cycle. They are also 
subjected to vigorous wave actions on esposed beaches and 
headlands. Unique assemblages of organisms. have .evolved 
which manage to survive these rigorous conditionsif waters 
remain unpolluted. 

Pollutants are commonly released into such aquatic eco- 
systems of high natural variation in their nonliving compo- 
nents, and the rate of pollutant discharge usually varies 
from time to time. The immediate effect of these conditions 
is that at any fised point in the habitat the concentration of 
a pollutant varies markedly with time, but not in such a way 
that a community can adapt itself to these variations. The 
result is that short-lived opportunistic species are likely to be 
favored in areas subject to variable aquatic pollution. 

Any single toxicant may be equally virulent towards long- 
lived or short-lived species in the normal aquatic commun- 
ity. Except at outfalls where tosicants reach lethal concen- 
trations, as in continuous discharges in stable environments, 
tosicants act discontinuously through time. Where water 
mass instabilities are such that poisonous concentrations 

All of these may involve changes in production and 
lowered human usefulness of the system. These are ex- 
amples; additional effects can occur. The specific impacts 
of pollution at a site can be determined only through long- 
term study of that portion of the ocean and the changes that 
occur. 

I t  is clear that man, through his numbers and his actions, 
is having increasingly pronounced effects on organisms, 
populations, and entire ecosystems. Many people willingly 
accept the consequences of advanced technology that are 
markedly deleterious, but most people become alarmed 
when an entire large ecosystem undergoes transformation. 
When society recognizes that catastrophe threatens due to 
its carelessness, it seeks to rearrange its demands on such 
ecosystems in ways that can be accommodated within the 
inherent capacities of the system. To provide adequate an- 
swers we need understanding of ecosystems, since knowledge 
at the species and population levels, however defined, will 
be too limited in scope to answer the questions that arise at 
the more highly organized level of the ecosystem. 

The study of the effects of pollution on ecosystems may 
be undertaken by considering pollution as an additional 
stress on the mechanisms that keep ecosystems organized. 
Unless the living parts of an ecosystem are already under 
stress, the early effects of the introduction of toxic pollu- 
tants may contribute to the estinction of particularly sus- 
ceptible species leaving the more resistant forms in a less 
diverse community. In communiries already under stress, 
relatively low levels of pollution may cause the disruption 
of the communities. 

occur on the average of once a week, for instance, it is pos- 
sible for organisms with much shorter life spans to flourish 
briefly with large population fluctuations. Where they occur 
once a month, a community may evolve rapidly througk 
successional sequence involving a few longer-lived organ is^,. 
before the next toxic concentration occurs. Where lethal 
dosages are as infrequent as once a year, the succession may 
go to the stage of some fish of medium life span, particularly 
if access to the area is relatively free. Because of the fluctua- 
tions with time, the community nearest an outfall is most 
primitive from a successional viewpoint, and as distance 
from the outfall increases, there is a successional gradient 
toward the usual climax community of an unpolluted 
environment. 

Evaluation of the effects of pollution or of other environ- 
mental changes on the ecosystem involves studies of bio- 
logical production, species diversity, energy flow, and 
cycling of materials. The process may be complicated by 
massive imports and exports at any one site. Although 
pathways of energy flow and efficiencies are not yet com- 
pletely understood, they offer a unifying appro-ach to these 
problems such as proposed by Odum (1967,12 1971lS). 

Species diversity is a useful attribute of biological systems. 
Diversity is affected by a number of factors as evidenced 
by the papers presented at a symposium on Diversity and 
Stability in Ecological Systems (Brookhaven National 
Laboratory 1969),1° as well as other symposia (American 
Society of Civil Engineering and Stanford University 1967,' 
Olson and Burgess 1 967,14 NAS-NRC Committee on Ocep 
ography 1970," Royal Society of London 197 1 15). Some SL 
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Coastal marine waters serve a wide variety of excep- 
tionalIv important human uses. Many of these uses produce 
ligh local benefits such as the yield of shellfish and recrea- 

tional activities. Others involve regional benefits or the 
global unity of the marine system, since local events influ- 
ence, and are influenced by, water quality at distant points. 

' Many of the human uses of marine waters are directly de- 
pendent upon the nature and quality of the biological, 
~hemical, and physical systems present. Efforts to protect 
and enhance these uses will be limited principally by our 
ability to understand and protect the environmental condi- 
tions which are essential for the biota. 

Water quality criteria for marine aquatic life and wild- 
life define the environmental requirements for specified 
0' 'ive of these are discussed in this Section, namely, 
=*a--,enance of the ecosystem; fisheries; aquaculture; wild- 
life protection; and waste disposal. These are not sharply 
separable, but the water quality requirements for each use 
are briefly summarized. The effects of transportation, harbor 
development, dredging and dumping of spoils have also 
been considered in developing the recommendations. 

NATURE OF THE ECOSYSTEM 

Many of the principal human uses of marine waters de- 
pend upon successful maintenance and enhancement of the 
existing ecosystems or, in a few circumstances, upon creating 
and continuing new and artificial ecosystems for specific 
purposes. The ecosystem includes all of the biological and 
non-biological (geological, physical, and chemical) com- 
ponents of the environment and their highly comples inter- 
actions. Studies of ecosystems must include all that is within 
the body of water as well as the imports to and exports from 
it. Research in such situations has shown that the biotic ele- 
ments include producers of organic material, several levels 
of consumers, and decomposers. In the least comples situa- 
tion, these act at  Lates controlled by t h e  abiotic factors to 
transfer energy and recycle materials. I n  those aquatic en- 
vironments which continuously or intermittently exchange 
1. quantities of energy or materials with other parts of 
t. . ~ t a l  global'system, understanding and management 
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become more difficult. I n  the marine environment imports 
and exports continually occur from coastal runoff, tidal 
action, oceanic currents, meterological actions, and ex- 
changes with adjacent water bodies or with the benthos 
and atmosphere. These exchanges are only partially under- 
stood, but it is clear that each marine site is connected inti- 
mately to the rest of the oceans and to total global , 
mechanisms. 

The estuaries are in many ways the most complicated 
and variable of aquatic ecosystems. Materials carried from 
the land by rivers vary in quantity and quality, sometimes 
with strong seasonal patterns of high biological significance. 
Tidal oscillations cause vigorous reversals of flow. 'Inherent 
hydrographic patterns can lead to accumulation of materials 
and to upstream transport from the point of addition. Dense 
urban populations on the shores of estuaries produce large 
amounts of waste, and engineering projects have changed 
the boundaries and flows of water courses. The biologically 
rich estuaries are the most variable and the most endangered 
part of the marine environment. 

In each environment the existing characteristics of the 
system have been produced by dynamic interaction among 
the components, forces, and processes present. Some of these 
are small or transitory, but others are massive and enduring. 
If any one of these forces or processes is changed, a new 
balance is produced in the system. Relative stability, there- 
fore, results from the balancing of forces, not the absence. 
The biota are the product of evolution, and each ecosystem 
contains those species and communities which have adapted 
to the specific environment over a long period of time and 
which are successful in that environment. Drastic and rapid 
modification of the environment, as by pollution, may 
eliminate some species and encourage others in ways which 
can reduce the value of ,  the ecosystem for man's use or 
enjoyment. 

Effects of Water Quality Change on Ecosystems 

The introduction of .a chemical compound or a change in 
the physical environment.may affect a natural marine eco- 

' system in many ways. In  coastal waters undisturbed for long 
periods of time, the ecosystem has adjusted to the existing. 
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attributes over the annual cycle. In addition, there must be pollutant upon the ecosystem can then be assessed. These 
sufficient knowledge to permit useful prediction of the sig- subjects are covered in greater detail in other parts of this 
nificant effects of the proposed pollutant on the stages in the Section, but they are mentioned here to emphasize the: 
life cycle of important species, on populations, and on the primary importance in determining how the recommend, 
biological communities present. The possible impact of that tions should be used in local situations. 



rents can also lead to an accumulation of pollutants within 
an estuary, as is discussed in the section on waste capacity 
or -7eiving waters (pp. 228-232). 

,Tatory fishes must alsc pass through estuaries in order 
to reach their breeding grounds. Anadromous fishes, such 
as the alewife, salmon, shad. and striped bass, move up- 
stream to breed in the highly diluted seawater or in fresh 
water. In contrast the catadromous spccies such as the eel 
spend their adult stages in fresh water and migrate down- 
stream in order to breed in the open sea. Conditions within 
the estuaries should be maintained so that these seasonal 
breeding migrations are not interfered with. 

The conditions in the coastal waters are less variable than 
those in the estuaries, but in temperate regions, the seasonal 
range of conditions can be considerable. The coastal waters, 
particularly in areas of upwelling, are the most highly pro- 
ductive parts of the marine environment and have been 
estimated by Rvther (1 969)ho produce half of the potential 
marine fish production, even though they constitute only 
0.1 per cent of ' the iota1 area of the oceans. The coastal 
zones, includins near shore areas of high production such as 
fishing banks, constitute 9.9 per cent of the area of the ocean 
and contribute nearly half of the world fish production. In 
tropical waters, the seasonal variation in conditions is less 
extreme than in temperate waters. However, as will be 
discussed in the section on temperature (p. 238) many 
tropical species are living near their upper extreme tempera- 
ture during the summer, and this fact presents considerable 
1 Lms in the disposal of waste heat in tropical areas. 

~ n e  open ocean constitutes 90 per cent of the area of the 
world ocean and is the least variable of the marine environ- 
ments. The-deep sea produces only a minor fraction of :he 
world's fish production, and this consists mainly of the large 
pelagic carnivores such as the tuna (Ryther 1969).j During 
the 19th century, the whale harvest was substantially 
greater than it is a t  present, but the whales captured were 
not as effectively utilized as they .are in modern whaling 
methods. Many species of whales were grossly over-fished, 
ancl there is considerable question today whether some of 
these species can recover' their original population sizes even 
in those cases where a complete moratorium on their cap- 
ture is in effect. 

The waters of the deep sea below the permanent thermo- 
cline (the depths below which seasonal temperature changes 
do not occur) constitute'the largest and most constant en- 

' vironment on earth. During the history of modern ocean- 
ography, ~vhich covers the l'ast century, no significant 
changes in either salinity o r  temperature of the deep sea 
have been observed, the organisms living in this abyssal en- 
vironment having evolved under conditions which were 
presumably constant for millenia. To  protect the coastal 
environment many proposals'have been made to dump ma- 
terials, such as solid waste, sewage sludge, and contaminated 
1' spoils in the deep sea. Since the organisms inhabiting 
ti.. depths of the ocean have been exposed to a constant 

environment, they are. not. accustomed to unusual stresses 
which might be created by such dumping operations (see 
pp. 278-283). Consequently, dumping of organic wastes in 
the deep sea is not recommended (pp. 277, 282-283). 

Development of Recommendations 

In most cases, recommendations are not applicable to 
every local situation. The marine environment varies 
widely, and only an understanding of local conditions will 
make it possible to determine what can or cannot be added 
in each situation. Many materials are accumulated by. 
marine orsanisms, and the concentration is often increased 
at higher levels of the food web. With substances that are 
toxic and persistent, it is the concentration in the highest 
predators, fish or birds, that is critical. One example is 
DDT and its derivatives which have accumulated in birds to 
levels that interfere with their breeding. Materials that de- 
compose or are otherwise removed from the marine en- 
vironment present lesser hazards. 

The  application bf any recommendation to a local situa- 
tion is unique because it requires (a) an understanding of 
the circulation of tile water and the resultant mixing; and 
dilution of the pollutant, (b) a knowledge of the local bio- 
logical species in the environment and the identification of 
those that are most sensitive to the pollutant being con- 
sidered, and (c) an evaluation of the transport of the ma- 
terial through the food web because of the possibility that 
the pollutant may reach concentrations hazardous either to 
the normal aquatic species present, or to man through his 
use of aquatic species as food. 

The  normal cycle of variation in the environment of many 
substances or conditions that occur naturally, such as oxy- 
gen, temperature, and nutrients, must be determined before 
decisions. can be made as to possible permissible changes. In  
many estuaries and coastal waters "normal" conditions 
have been modified by man's activities and may already 
have changed to the extent that some species that might 
have been found at earlier times have been eliminated. In 
some circumstances, a recommendation may not be applic- 
able because it may be necessary to specify no additional 
change beyond that which has already occurred. There is 
no generally applicable formula for recommendations to . 

protect marine aquatic life and wildlife: a study of local 
environmental conditions is essential prior to application of 
the recommendations. 

The Panel recognizes that what can or should be done in a 
given situation cannot wait for the completion of time- 
consuming studies. The degree of protection desired for a 
given location involves social and political decisions. The 
ecological nature and quality of each water mass proposed 
for modification ,must be assessed prior to any decision to 
modify. This requires appropriate information on the physi- 
cal and chemical characteristics, on the distribution and 
abundance of species, and on the normal variations in these 
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The Panel on TvIarine Aquatic Life and Wildlife took as 
its prime responsibility the development of recommenda- 
tions that would reasonably assure protection of the marine 
ecosystem. The recommendations have been discussed at 
various meetings of the members of the Panel and represent 
a consensus on the best statement that can be made in the 
light of present knowledge. The recommendations are no; 
inflexible and may be modified as our understanding of the 
marine ecosystem improves. 

Many parts of the marine ecosystem do not meet the 
quality requirements recommended here. As a result of 
man's activities, the marine ecosystem has been greatly 
modified; many species are excluded from areas where they 
were once abundant, and many areas have been closed for 
the harvesting of marine products as human food because 
of pollution. The decision as to what part, and how much, 
of the marine ecosystem should be protected for normal 
aquatic life and wildlife has political, social, and economic 
aspects, and such decisions cannot be based upon scientific 
evidence alone. Although some marine pollution problems 
are local in character, many are global and only the broad- 
est possible approach can solve these problems. Food from 
the sea is already an important source of animal protein for 
human nutrition, and this continuing supply must not be 
diminished by pollution. 

At the same time, the Panel recognizes that additions of 
pollutants to the oceans as by-products of our present mode 
of living will continue. But if pollution is kept within the 
boundaries and constraints which are defined in the recom- 
mendations, the Panel believes that the marine.ecosystem 
can be protected. 

In  many ways the marine ecosystem is similar to the 
freshwater, but there are significant differences which 
should be briefly described. For more details which sum- 
marize the extensive literature on this'subj'ect, the reader is 
referred to The Oceans by Sverdrup, et al. (T942)8,* The Sea, 
particularly volume 2 edited by M. N.   ill (1964),3 and 
Estuaries, edited.by G. H. Lauff (1967).4 

-The marine environment is.a significant source of animal 
protein with an annual production of about 60 million tons 
fresh weight of fishkries , . products  bod and Agriculture 
Organization 19671.' Various estimates of the potential es- 
pansion of this haryest have been made and are surnmariz&.': 
by Ryther (1969)5 who concludes that the potential harvest 
might double this figure. Some of the existing stocks are 
already fished to capacity or overfished, ,but aquaculture 
(pp. 222-224) may increase world marine production. 

'The importance of this supply of animal protein to the 
worlcl population has been emphasized by Borgstrom 
(1 961).' He .estimates th'at more than two billion people of 
the world's population receive 50 per cent or more of their 
'animal protein from marine products. In the United States 
fish contributes only about %per cent of our animal protein 
,consumption, but even so it has been estimated by Prw, 
'(unpbiislr~d 1 972)8 that over ten billion pounds of commercial 
fish and shellfish were harvested from the estuaries and con- 
tinental shelf of the United States in 1970. Furthermore, in 
the United States a great deal of fishmeal is used to fortify 
animal feeds, particularly for chickens. It  is obvious that 
this valuable food resource of the marine environment must 
be sustained. 

The estuaries are' regions where the impact of man's ac- 
tivity is greatest, and they.are also areas of great value for 
marine fish production. They serve not only as nursery ' 
areas and breeding grounds i o r ' m a n ~  species of fish, but 
also as the regular home for the entire life cycle of some 
valuable species, such as oysters and crabs. Sykes (1968)' has 
estimated that 90 p'er cent or more of the commercial catch 
of finfish in some a;eographical regions of the.United States 
consists of estuarine-dependent species. The estuaries are 
the most variable regions of the marine ecosyste~n (see pp. 
2 19-22 1) and organisms ivhich inhabit them are esposed to 
estreme variatioils! Since these organisms survive, they are 
obviously adapted to the stress imposed by tliese variations. 
During the tidalc.$cle, a sessile'organism will he esposed to 
variations in temperarure and salinity' as the tide ebbs and 
flows. On a seasonal basis, because of variations in river 
flow, organisms at a fixed location may be exposed to fresh * Citations are listed at the end of the Section. They can be located 

alphabetically within subtopics or by their superior numbers which water during periods Or to sea wa 

run consecutively across subtopics for the entire Section. during droughts. The oscillatory nature of the tidal CU. 
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